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The need to store and use energy on diverse scales in a modern technological 
society necessitates the design of large and small energy systems, among which electrical 
energy storage systems such as batteries and capacitors have attracted much interest in 
the past several decades. Supercapacitors, also known as ultracapacitors, or 
electrochemical capacitors, with fast power delivery and long cycle life are 
complementing or even replacing batteries in many applications. The rapid development 
of miniaturized electronic devices has led to a growing need for rechargeable micro-
power sources with high performance. Among different sources, electrochemical micro-
capacitors or micro-supercapacitors provide higher power density than their counterparts 
and are gaining increased interest from the research and engineering communities. 
Rechargeable Li ion batteries with high energy and power density, long cycling life, high 
charge–discharge rate (1C – 3C) and safe operation are in high demand as power sources 
and power backup for hybrid electric vehicles and other applications. 
In the present work, graphene-based graphene materials have been designed and 
synthesized for electrochemical energy storage applications, e.g., conventional 
supercapacitors (macro-supercapacitors), microsupercapacitors and lithium ion batteries.  
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Factors influencing the formation and structure of graphitic petals grown by microwave 
plasma-enhanced chemical vapor deposition on oxidized silicon substrates were 
investigated through process variation and materials analysis. Insights gained into the 
growth mechanism of these graphitic petals suggest a simple scribing method can be used 
to control both the location and formation of petals on flat Si substrates. Transitional 
metal oxides and conducting polymers have been coated on the graphitic petal-based 
electrodes by facile chemical methods for multifunctional energy storage applications. 
Detailed electrochemical characterization (e.g., cyclic voltammetry and constant 










CHAPTER 1. INTRODUCTION 
Some of the material in this chapter has been accepted for publication in 
Electroanalysis [1]. The need to store and use energy on diverse scales in a modern 
technological society necessitates the design of large and small energy systems, among 
which electrical energy storage systems such as batteries and capacitors have attracted 
much interest in the past several decades [2]. Supercapacitors, also known as 
ultracapacitors, or electrochemical capacitors, with fast power delivery and long cycle 
life, are playing an important role in complementing or even replacing batteries in many 
applications [2, 3]. The first patent on supercapacitors was granted to Becker at General 
Electric Corp. in 1957 [4], in which he proposed a capacitor based on porous carbon 
material with high surface area. Later in 1969, first attempts to market such devices were 
undertaken by SOHIO [5]. Between the late 1970s and the 1980s, Conway and coworkers 
successfully fabricated supercapacitors with high specific capacitance and low internal 
resistance using RuO2 as an active material [6]. In the 1990s, supercapacitors began to 
attract attention because of the emergence of hybrid electric vehicles [7]. Supercapacitors 
offered the promise to supplement batteries and fuel cells in hybrid electric vehicles in 
providing the necessary power for acceleration, and additionally to allow for the 
recuperation of brake energy. These promising studies prompted the U.S. Department of 
Energy to initiate supercapacitor development programs. A comprehensive review of the 
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historical background, properties, and principles of supercapacitors has been provided by 
Conway [2].  
 Supercapacitors effectively fill the gap between batteries and conventional 
capacitors (e.g., electrolytic capacitors or metalized film capacitors) [7]. They provide 
higher power density than batteries and fuel cells and higher energy density than 
conventional capacitors, while offering long lifetimes. In recent years, much progress has 
been achieved in both theoretical understanding [8-13] and experimental design [3, 14, 15] 
of high-performance supercapacitors. Meanwhile, their low energy density and high 
production costs have emerged as major challenges for the future development [2, 3, 7, 
14]. As the size of portable electronic devices becomes smaller, low-power integrated 
circuits in devices such as sensors, microprocessors and wireless communication chips 
will make increasing use of miniature embedded microelectromechanical systems 
(MEMS) that operate in controlled/uncontrolled environments to gather, process, store 
and communicate information. Thus, there is a demand for integrated power sources to 
meet biological [16], medical [17] and environmental [18] applications. Micro-power 
systems can be fabricated with length scales in the micro-meter range and with improved 
performance by decreasing diffusion lengths to achieve this purpose. Among these micro-
power systems, micro-batteries [19-21], micro-supercapacitors [20, 22], micro-fuel cells 
[23] and piezoelectric energy harvesters [24] have been explored in the recent years. 
Micro-batteries based on thin-film solid-state Li/TiS were introduced to provide power 
for micro-systems in the late 1990s [21], and since then the use of enhanced materials has 
further improved their performance [25, 26]. Despite these improvements, inherent 
problems associated with micro-batteries remain, making them unable to satisfy various 
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requirements of autonomous micro-systems (e.g., stability over long-term cycling, high 
power-high charge/discharge rates, and immunity to severe environments, particularly 
low temperatures). Micro-supercapacitors, on the other hand, can couple with micro-
batteries and energy harvesting micro-systems to provide high peak power, long cycle 
life, and high charge/discharge rates, while maintaining reasonable energy densities for 
practical applications in micro-systems. Moreover, today‘s technological advancements 
in micro- and nano-scale fabrication provide a solid foundation for fabrication of micro-
supercapacitors. Thus it is reasonable to project that micro-supercapacitors will satisfy a 
variety of micro-power demands and will complement or even replace micro-batteries in 
electrochemical energy storage systems where high power delivery is required in short 
times. 
 
Figure 1.1. Comparative Ragone plot of a Li thin film battery, commercial supercapacitor, 





Figure 1.1 contains a customary Ragone plot that compares the volumetric 
specific energy and power densities of a Li thin-film battery, a commercial 3.5 V/25 mF 
supercapacitor, a 63 V/220 µF electrolytic capacitor, and a micro-supercapacitor based on 
activated carbon (AC) cited from ref. [27]. Electrolytic capacitors have higher 
charge/discharge rates and thus higher power densities than AC micro-supercapacitors, 
but their specific energy is more than two orders of magnitude lower. Meanwhile, lithium 
batteries and conventional supercapacitors do not provide the ultrafast charge/discharge 
rates demonstrated by AC micro-supercapacitors. Moreover, the specific energy of AC 
micro-supercapacitors is roughly two orders of magnitude higher than commercial 
conventional supercapacitors and even higher than Li thin film batteries.  
Rechargeable lithium ion batteries (LIBs), revolutionizing portable electronic 
devices including cell phones, laptops, and digital cameras with the worldwide market, 
have been considered as the most promising energy storage system. Because of their high 
energy density and design flexibility, Lithium batteries currently accounts for 63% of 
worldwide sales values in portable batteries, outperforming other power systems [28] 
(e.g., energy densities 2-3 times and power densities 5-6 times higher than Ni–MH, Ni–
Cd, and Pb acid batteries). Compared with other power systems, rechargeable LIBs 
possess many advantages such as long cycle life, low self-discharge, high operating 
voltage, wide temperature window, and absence of ‗‗memory effect‘‘. Consequently, 
LIBs have been the center of the scientific research and practical engineering uses for 
many years. Rechargeable LIBs can be fabricated in different shapes (e.g., cylindrical, 
coin, or prismatic, thin and flat) in today‘s market [28].  
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A typical lithium ion battery full-cell system consists of a Li ion intercalation 
negative electrode (e.g., graphite), and a Li ion intercalation positive electrode (e.g., 
lithium metal oxide, LiCoO2), separated by a separator soaked with a Li ion conducting 
electrolyte (e.g., LiPF6 in ethylene carbonate and dimethyl carbonate).  
The charge/discharge mechanism of LIBs has been well explained in many 
published review journal papers [28, 29]. Briefly, Li ions deintercalate from the cathode 
(positive electrode) and intercalate into the anode (negative electrode) during charging. 
Conversely, Li intercalates into the cathode via the electrolyte during discharging. The 
movement of Li ions between the anode and the cathode during charge/discharge renders 
the conversion of chemical energy into electrical energy and thus storage of 
electrochemical energy within a lithium ion battery. 
In this dissertation, a brief introduction of supercapacitors and lithium ion 
batteries has been provided in Chapter 1. Chapter 2 briefly discusses the fundamentals of 
supercapacitors including basic structures and performance evaluation of supercapacitors, 
structural difference between macro- and micro-supercapacitors, electrode materials and 
electrolyte. Because of the vast amount of research has been dedicated in the energy 
storage area, a concise overview of the literature in macro-supercapacitors, micro-
supercapacitors and lithium ion batteries is presented in Chapter 3 with a particular 
emphasis on macro- and micro-supercapacitors.  
Studies of graphene-based material synthesis and the application in 
supercapacitors and rechargeable lithium ion batteries are detailed in Chapters 4, 5, 6, 7 
and 8. In particular, in Chapter 4 factors influencing the formation and structure of 
graphitic petals grown by microwave plasma-enhanced chemical vapor deposition on 
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oxidized silicon substrates are investigated through process variation and materials 
analysis. The growth mechanism of these graphitic petals on insulating substrates has 
been proposed. A simple scribing method performed to test this hypothesis show that can 
be both the location and formation of petals on flat oxidized Si substrates can be 
controlled. Portions of Chapter 4 were reproduced from Ref. [30]. Subsequently, in 
Chapter 5 vertical nanoscale graphitic petals were prepared by microwave plasma 
chemical vapour deposition on commercial carbon nanotube substrates and subsequently 
coated with a thin layer of MnO2 for flexible supercapacitor applications. Content in 
Chapter 5 is reproduced from Ref. [31]. Chapter 6 studied the charge storage 
characteristics of a composite nanoarchitecture with a highly functional 3-dimensional 
morphology. The electrodes were formed by the electropolymerization of aniline 
monomers into a nanometer-thick polyaniline (PANI) film that conformally coats 
graphitic petals grown by microwave plasma chemical vapor deposition on conductive 
carbon cloth. Chapter 7 reported fabrication of symmetric microsupercapacitors based on 
several-micrometre-thick graphitic petal electrodes. The micro-electrodes were prepared 
by micro-wave plasma chemical vapor deposition (MPCVD) and patterned by 
conventional optical lithography and reactive ion etching techniques on oxidized silicon 
substrate. Ultrahigh charge/discharge rates up to 100,000 mV/s, three orders of 
magnitude higher than conventional supercapacitors, have been tested for the micro-
devices in 1 M H2SO4 aqueous electrolyte. In Chapter 8 electrodes based on carbon 
nanotubes have been modified with boron (B) and nitrogen (N) through a facile 
microwave heating cycle at 20 bar pressure and at elevated temperatures near 180°C for 
lithium ion battery application. Carbon nanotubes modified with B and N exhibited 
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higher lithium storage capacity as compared to pure carbon nanotube electrodes. Detailed 
characterization and analysis has been studied on the chemically treated BCN electrodes. 
Finally, Chapter 9 contains summaries including contributions and recommendations for 
future work.  
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CHAPTER 2.  FUNDAMENTALS OF SUPERCAPACITORS 
Chapter 2 discusses the fundamentals of supercapacitors. Some of the material in 
this chapter has been accepted for publication in Electroanalysis [1]. 
2.1 Basic Structures and Performance Evaluation 
A conventional supercapacitor consists of two electrodes (symmetric or asymmetric) 
and a separator sandwiched between them that are sealed in organic or aqueous 
electrolyte liquid. The configuration of a conventional supercapacitor is shown in Fig. 2.1. 
Unlike electrolytic capacitors, where charge accumulates on two conductors separated by 
a dielectric, supercapacitors store charge at the interface between an electrode and an 
electrolyte solution. When charged, the negative ions in the electrolytes diffuse to the 
positive electrode, while the positive ions diffuse to the negative electrode to create two 
separate layers of capacitive storage. Consequently, in such a two-terminal configuration 
each electrode-electrolyte interface represents a capacitor so that the complete cell can be 
considered as two capacitors in series, as shown in Fig. 2.1. The cell capacitance for the 
supercapacitor cell can be calculated from: 
1 1 1
= +
cell 1 2C C C
 (2.1) 
where Ccell is the capacitance of the two-terminal device and C1 and C2 represent the 
capacitances of the two electrodes, respectively [14, 15, 32]. 
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Figure 2.1. Schematic representation of a supercapacitor cell. 
 
Supercapacitors can be classified into two main types in terms of working 
mechanism: (a) electric double-layer capacitors and (b) pseudocapacitors. Electric 
double-layer capacitors (EDLCs) store energy through ion adsorption; namely, the charge 
accumulations are achieved with electrostatically positive and negative charges 
separately residing on interfaces between electrolyte and electrodes. The charge transfer 
process in EDLCs is non-faradic, i.e., ideally no electron transfer takes places across the 
electrode interface. Pseudocapacitors store energy through fast redox reactions between 
electrolyte and electroactive materials on the electrode surface. Electron transfer causes 
charge accumulation, and the charge transfer process is faradic in nature. 
For electric double-layer supercapacitors, the specific capacitance C (in F/g) of 









where εr is the relative permittivity, εo is the permittivity of vacuum (8.8510
-12
 F/m), A is 
the surface area of the electrode accessible to the electrolyte ions, m is the mass of active 
materials in grams; and d, the Debye length, is used to estimate the charge separation 
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where εr is the relative dielectric constant, kB is Boltzmann constant (1.38  10
-23
 J/K), T 
is the temperature in Kelvin, e is the elementary electronic charge (1.60  10
-19
 C), z is 





and c is the bulk molar concentration (in moles/m
3
) of the ionic species. Typically, d = 
0.3 nm for a 1 M concentration of a monovalent ionic species in water (εr = 80) at 25
o
C. 
In electric double-layer capacitors, according to equation (2.2), high specific surface area 
(typically >1500 m
2
/g) of the active electrode materials and charge separations d close to 
atomic dimensions are the most important factors contributing to extremely high 
capacitance [15, 35]. 
For pseudocapacitors, faradaic capacitance (CF) is calculated from the charge 











Experimentally, specific capacitances can be calculated from both cyclic voltammetry 
(CV) and galvanostatic charge/discharge. Capacitances derived from CV tests are 
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where s is the scan rate in V/s, Vh and Vl are high and low potential limits of the CV tests 
in V, I is the instantaneous current in CV curves, and V is the applied voltage in V. 






where Id is the discharge current in A, and   is the slope of the discharge curve after the 
initial voltage drop (IR drop, VIR) of the discharge curves. The internal resistance R (in Ω) 
is determined from the voltage drop at the beginning of a discharge curve by [39, 40]:  
/ 2IR dR V I   (2.7)
 
where ΔVIR is the voltage dropped across the internal resistance in V. The factor of ―2‖ is 
associated with the instant switch of current direction at the transition from charging and 
discharging.  
The energy density (E in Wh/kg) and power density (P in kW/kg) including 
maximum power density (Pmax in kW/kg) delivered for a single cell supercapacitor are 





















where V is the cell voltage, Ccell is the total capacitance of the cell, P is the average power, 
∆t is the discharge time and Rs is the equivalent series resistance (ESR in Ω). Maximum 
power is achieved when the internal resistance of an energy storage device equals the 
load resistance. Energy and power densities strongly depend on the volumetric 
capacitance of the device, cell voltage and ESR. The cell voltage is limited by the 
thermodynamic stability of the electrolyte solution. ESR derives from various types of 
resistance associated with the intrinsic electronic properties of the electrode matrix and 
electrolyte solution, mass transfer resistance of the ions in matrix pores, contact 
resistance between the current collector and the electrode, the ionic resistance of ions 
moving through the separator and the electrolyte resistance [15]. 
The cyclic stability of a supercapacitor depends on many factors such as 
mechanical properties and chemistry of the electrode materials. For instance, oxygen-rich 
functional groups on treated carbon electrodes usually produce higher capacitance than 
untreated samples in organic electrolyte; however, the functional groups can be 
detrimental to cyclic stability of electrodes, resulting in increased series resistance and 
deterioration of capacitance [3, 15]. 
Leakage current and self-discharge rates are also important factors to evaluate 
supercapacitor performance. Charged supercapacitors are in a state of higher free energy 
than the discharged state, and will undergo self-discharge because of this thermodynamic 
driving force. During self-discharge processes, a small amount of leakage current will 
cause supercapacitors lose voltage (charge) as they idle in a charged state. This loss of 
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voltage may limit supercapacitor usage in some commercial applications if the self-
discharge rate is too high. Consequently, this issue is beginning to attract more attention 
in supercapacitor fabrication [41, 42], but systematic understanding regarding the 
underlying decay mechanisms remains an area of active study. Several mathematical 
models to understand and predict self-discharge profile shapes for single electrodes have 
been reported [2, 43]. 
A wide variety of performance metrics have been used to characterize 
supercapacitors, and unfortunately widespread agreement is lacking on which quantities 
to measure and what units to use. This lack of standardized approaches in measuring and 
reporting results creates difficulties when attempting to compare the performance of 
different devices. A number of performance metrics can be quoted, and most automated 
measurement systems are capable of providing these metrics. A confounding issue is the 
conversion of measured values into normalized units. The measured capacitance (energy 
or power) is often normalized by either the mass of an active ingredient, the projected 
(Euclidean) area, or the device volume, although the volumetric and areal values are 
believed to be more practically useful as compared to gravimetric ones [44, 45]. Because 
the deciding factor(s) are often not specified, uncertainties associated with the final 
quoted values are rarely known. One way to remedy this issue is to adopt standard radar 
plots that summarize the performance of a particular device. 
The overall performance of supercapacitors should be optimized in order to meet 
the following goals: (i) the power density should be greater than that of batteries while 
maintaining an acceptable energy density; (ii) the electrochemical cyclic stability should 
be high; (iii) the final device should exhibit fast charge/discharge rates, and (iv) a device 
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should have reasonably low self-discharge rates. The example radar plots shown in Fig. 
2.2 compare the major metrics of performance of two micro-supercapacitors reported in 
ref. [45]. In the Fig. 2.2a, red and blue curves are generated by connecting the electrical 
performance data points from laser-scribed graphene (LSG)-based microsupercapacitors 
using a PVA-H2SO4 gelled electrolyte and an ionogel electrolyte (a mixture of an ionic 
liquid with fumed silica nanopowder), respectively. Fig. 2.2b compares durability-related 
metrics. In general, a larger area encompassed within a radar plot indicates better overall 
performance. As is apparent in Fig. 2.2, the microsupercapacitor with PVA-H2SO4 
electrolyte exhibits a slightly higher area-normalized capacitance, inferior cyclic 
stabilities, and a lower operating voltage, resulting in lower energy and power densities 








              
 
Figure 2.2. Example radar plots to compare two micro-supercapacitors cited from ref. 
[46]. Red and blue curves are generated by connecting data points from LSG-based 
microsupercapacitors using a PVA-H2SO4 gelled electrolyte and an ionogel electrolyte, 
respectively. The electrical performance is compared in (a), while durability metrics are 
presented in (b). If a data point is not plotted, no information about that category is 
available in the reference. 
 
2.2 Electrode Materials and Electrolytes 
Three main types of materials are frequently used as conventional supercapacitor 
active electrode materials: (i) carbon materials, e.g., carbon aerogel [32], activated carbon 
[47], carbon nanotubes [48, 49] and graphene [34, 50]; (ii) electroactive oxide or hydrous 
oxide films of transition metals, e.g., MnO2 [38, 51, 52], RuO2 [53], NiO [54] , Co3O4 
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[54], MoO3 [55]; (iii) conducting polymers, e.g., polypyrrole [56], polyaniline [57] and 
polythiophene [58]. Apart from symmetric electrodes (anode and cathode using the same 
electrode materials), some supercapacitors are designed based on asymmetrical electrode 
configurations (i.e., one electrode consists of electrostatic carbon material while the other 
consists of faradaic capacitance material). One obvious advantage of such asymmetric 
supercapacitors is that both electric double-layer capacitance and faradaic capacitance 
mechanisms occur simultaneously, rendering a higher working voltage window and 
higher energy and power densities in supercapacitors than with symmetric electrodes (see 
Eqs. 2.8-2.10). In recent years, extensive research has been carried out on this topic [59-
64]. 
The electrolyte is also a critical factor that influences supercapacitor performance. 
The requirements for a good electrolyte include a wide voltage window, high 
electrochemical stability, high ionic concentration and low solvated ionic radius, low 
resistivity, low viscosity, low volatility, low toxicity, low cost, and availability at high 
purity [14]. The electrolytes used in supercapacitors can be classified into two main 
types: conventional liquid electrolytes and solid-state electrolytes. 
Conventional liquid electrolytes include: (i) aqueous electrolytes, (ii) organic liquid 
electrolytes and (iii) ionic liquid electrolytes. The three types of electrolytes have been 
addressed in prior reviews [7, 14].  Aqueous and organic choices for liquid electrolytes 
each have their own advantages. Aqueous electrolytes such as acids (e.g., H2SO4) and 
alkalis (e.g., KOH) tend to have higher ionic conductivity (up to 1 S/cm) and higher 
dielectric constant [65], and usually give a higher specific capacitance for active 
materials than organic electrolytes. Combined with lower operation cost, aqueous 
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electrolytes have been extensively used in supercapacitor design.  Despite these 
advantages, the cell voltage of aqueous electrolyte-based supercapacitors is usually 
restricted to ca. 1 V, which is set by the decomposition voltage of water at 1.23V [15, 32]. 
This value is generally lower than that of the organic electrolytes, which tends to be 
greater than 2.5 V [66]. This voltage window of supercapacitors is closely related to 
energy and power densities (see Eqs. 2.8-2.10). 
Solid-state electrolytes (also known as fast ion conductors or superioinc 
conductors) conduct electricity due to the movement of ions through voids or defects in 
their crystal lattice. These materials are relatively new and have been applied to the 
design and fabrication of both macro- and micro-supercapacitors. Solid electrolytes offer 
many advantages over their liquid counterparts [39, 40, 67, 68]. Solid electrolytes do not 
exhibit leakage since they are well dispersed and bound into a polymer matrix. 
Conversely, liquid electrolytes require robust encapsulation to prevent leakage. 
Electrolyte leakage is a severe safety issue when the sealed electrolytes are 
environmentally hazardous. In addition, solid-state gel or polymer electrolytes offer dual 
functionality as they combine the separator and the electrolyte into a single layer. This 
situation should be contrasted to liquid electrolytes, where a separator to avoid electrical 
contact between the electrodes is needed. Encouragingly, there are reports that the 
performance of solid-state gel electrolytes is comparable to liquid counterparts [39, 69, 
70]. 
Because of the foregoing advantages, solid-state electrolytes are becoming more 
common in the design of conventional supercapacitors that are small, thin, lightweight, 
and flexible, in order to meet the requirements of rapidly growing modern markets, such 
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as multifunctional portable electronic devices. Solid-state electrolytes, such as 
PVA/H2SO4 [39, 40], PVA/H3PO4 [49, 71] and 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([EMIM][NTf2], C-TRI)/fumed silica nanopowder gel 




 ionic liquid polymer electrolyte [73] have been 
successfully implemented in the design of both flexible and nonflexible conventional 
supercapacitors and show excellent electrochemical performance. 
2.3 Structural Differences between Macro- and Micro-supercapacitors 
The various principles mentioned above apply to both macro- and micro-
supercapacitors, which differ both in their structural design and ionic diffusion behavior 
as schematically illustrated in Fig. 2.3. Macro-supercapacitors (conventional 
supercapacitors) employ vertical sandwich structures, consisting of two electrodes and a 
separator that are soaked with an electrolyte (Fig. 2.3a). Micro-supercapacitors 
predominantly use an interdigitated structure for on-chip design (Fig. 2.3b) [27, 74-77], 
although electrodes can also be designed in sandwich [78] and roll-like [79] structures. 
Micro-supercapacitors with electrodes having a characteristic dimension that approaches 
25 m will further exploit the properties of ultramicroelectrodes (UMEs), which have 
been intensively studied because they enable unprecedented spatial and temporal 
resolution in electrochemical measurements. UMEs have combined high current densities 
with low measuring currents to open up new areas in sensors and scanning 
electrochemical microscopy. New effects arise because of a time-dependent change in 
mass transport, in which traditional, one-dimensional diffusion fields are replaced by 
rapidly varying fields that are spatially inhomogeneous. A further advantage offered by 
an interdigitated architecture becomes noteworthy when limited area considerations 
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become important, as is the case for micro-supercapacitor integration onto integrated 
circuit chips. 
For macro-supercapacitors, major factors affecting the charge/discharge rates are 
the thicknesses of the electrodes and separator. Assuming fixed electrode area, the only 
way to improve charge storage is to increase the thickness of the electrodes, which leads 
to a higher ion diffusion length and thus lower charge/discharge rates and power densities. 
On the other hand, in an interdigitated finger structure, electrodes of width we are 
separated on an insulating plane by a gap wg. The capacitance for such a structure is 
proportional to the ratio we/wg [80].  Due to resistance of the electrolyte itself [7], as wg  
increases the longer ion diffusion path leads to a higher ESR, and thus a lower maximum 
power. Because both we and wg can be adjusted by fabrication methods (see section 3.2.4), 
the average migration distance of ions can be controlled. In order to increase the 
capacitance of the micro-device without compromising the ion diffusion length and 
power, it is also possible to increase the thickness of the electrodes to fabricate 3D 
interdigitated structures, in which case the migration distance of ions is not directly 
increased. Taken together, 2D supercapacitor architectures are desirable for cost-effective 
mass production when layers of functionality are built up [81]. The merits of 3D 
electrodes with a small area footprint and short transport lengths become more obvious 
when onboard sources of power become increasingly smaller [81]. Micro-batteries based 
on 3D structures show better properties than planar thin film batteries for autonomous 
MEMS [26, 82]. Thus, it is reasonable to conclude that designing 3D electrode structures 
for micro-supercapacitors will be of high interest in future development of the technology. 
For this class of devices, most of the reported specific capacitances in literature have 
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been normalized by Euclidean area or volume of electrodes instead of the mass of active 
materials.  
In summary, a crucial method to increase the specific capacitance and energy 
density of a micro-supercapacitor is to increase the thickness of the active materials (i.e., 
3D structures) in a given footprint area. A key factor to increase power density is to 
decrease the spacing between adjacent electrodes. High specific surface areas and high 
electronic conductivity of the active materials are also prerequisites for the fabrication of 
efficient 3D electrodes.  
 
Figure 2.3. Difference between (a) a sandwich structure, commonly used in conventional 
supercapacitors and (b) an interdigitated finger structure, used in micro-supercapacitors. 
21 
CHAPTER 3.  LITERATURE REVIEW 
This chapter provides a comprehensive literature overview of macro-
supercapacitors, micro-supercapacitors and lithium ion batteries. Some of the material in 
this chapter has been accepted for publication in Electroanalysis [1]. 
3.1 Macro-supercapacitors 
Carbon materials are promising for large-scale fabrication. In order for them to be 
used as supercapacitor electrode materials,  they must meet the following criteria [83]: (1) 
high specific surface areas, of the order of 1000 m
2
/g, (2) good intra- and inter-particle 
conductivity in porous matrices, and (3) good electrolyte accessibility to the intra-pore 
space. Prior work [3, 14] indicates that carbon-based electrochemical capacitors are close 
to electrochemical double-layer capacitors, which relies on high specific area to 
accumulate non-faradaic charges at the boundary between an electrode and an electrolyte. 
Thus, unlike pseudocapacitive materials, carbon-based active materials exhibit true 
capacitive behavior and excellent chemical stability upon cycling [15]. 
3.1.1 Graphene-based Materials 
Ku et al. [84] coated thermally reduced graphene oxide with Au or Pd as 
interlayers in working electrodes for supercapacitor application. A specific capacitance of 
50 F/g was achieved at 300 mV/s and a rectangular CV shape was observed at high scan 
rates up to 3000 mV/s, indicating a low internal resistance due to the noble metal films 
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between graphene layers. The electrodes also showed a fairly good cycling stability (18% 
capacitance loss after 1500 cycles). Estimated power density and energy density of as-
prepared electrodes were 40 kW/kg and 40 Wh/kg at a current density of 33.3 A/g. Chen 
et al. [85]  used partially reduced GO (rGO) as active electrodes for supercapacitors 
based on both aqueous and organic electrolytes. At a current density of 0.2 A/g, the 
maximum specific capacitances of the electrodes were reported to be 348 and 158 F/g in 
1 M H2SO4 and BMIPF6 electrolytes, respectively. Residual oxygen functional groups on 
the rGO surfaces are often detrimental to cycle stability [3]; however, the reported 
capacitance did not degrade in the first 2000 cycles. Vivekchand et al. [86] prepared 
graphene based electrodes by different methods for supercapacitor applications. The 
supercapacitors based on graphene materials through exfoliation of graphitic oxide 
showed a specific capacitance around 100 F/g. The supercapacitor with an ionic liquid as 
electrolyte showed an energy density of 31.9 Wh/kg. A high energy density of 85.6 
Wh/kg at a current density of 1 A/g at room temperature was reported by Liu et al. [87] 
for graphene-based supercapacitors in ionic liquid capable of operating at voltages > 4 V. 
Stoller et al. [50] fabricated rGO-based supercapacitors with specific capacitances of 135 
and 99 F/g in aqueous and organic electrolytes, respectively. Brunauer-Emmett-Teller 
(BET) indicated a high specific surface area (705 m
2
/g) for the CMG aggregates. 
Poly (ionic liquid)-modified RGO (PIL-rGO) electrode materials were obtained 
through a thermal reduction of GO suspension in propylene carbonate (PC) containing 
PIL and were used as supercapacitor electrodes [88]. The supercapacitor exhibited up to 
3.5 V operating voltage in EMIM-NTf2 electrolyte, with specific capacitances ranging 
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from 120 to 200 F/g, and capable of yielding a maximum energy density of 6.5 Wh/kg 
with a power density of 2.4 kW/ kg. 
Reduced graphene oxide derived from a gas–solid reduction process was used for 
supercapacitor electrodes [89]. The reported specific capacitance of an as-prepared 
device was 205 F/g, with a high power density of 10 kW in aqueous electrolyte and an 
energy density of 28.5 Wh/kg. Meanwhile, the devices exhibited good cycling stability 
(∼10% capacitance loss after 1200 cycle tests). Unlike conventional sandwich structures, 
Yoo et al. [71] adopted a planar fabrication approach to prepare ultrathin supercapacitors 
comprised of few-layer graphene and multi-layer RGO thin films. The ultrathin 
supercapacitors based on few-layer pristine graphene showed a specific capacitance of 80 
μF/cm
2
, and a specific capacitance of 394 μF/cm
2
 was observed for multilayer rGO 
electrodes using polymer gel electrolyte PVA/H3PO4. The advantages of in-plane 
structures (394 μF/cm
2
) over the sandwich structures (140 μF/cm
2
) are demonstrated by 
comparing the area-normalized capacitances for the two structures. 
Controlled reduction of GO was achieved by a mild solvothermal method in 
which the active material suspension in DMF solution was thermally treated at a 
moderate temperature, allowing control of the density of functionalities [90]. A specific 
capacitance of 276 F/g was achieved at a current density of 0.1 A/g in 1 M H2SO4 
electrolyte for a single electrode. The CV shape remained almost undistorted with scan 
rates ranging from 10 to 100 mV/s, indicating low internal resistance and easy access of 
ions to the electrode surfaces. Interestingly, the specific capacitance of functionalized 
graphene increased after 1900 cycles. This might be attributed to more surface 
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functionalities introduced to the surfaces of rGO during the charge/discharge tests. 
Similar phenomena were also reported in ref. [85]. 
Potassium hydroxide (KOH) activated carbon nanosheets were reported as active 
materials in supercapacitor electrodes [91, 92]. Zhu et al. used KOH to activate 
microwave-treated GO to synthesize a porous carbon with a BET surface area of up to 
3100 square meters per gram, a high electrical conductivity, and low oxygen and 
hydrogen content. Two-electrode supercapacitor cells constructed with this carbon 
yielded a specific capacitance of 165 F/g at a current density of 1.4 A/g as well as high 
gravimetric capacitances and energy densities in 1-butyl-3-methyl-imidazolium 
tetrafluoroborate (BMIM BF4)/AN electrolyte. 
A low-temperature (250 - 400 °C) thermal exfoliation procedure [93] was adopted 
to reduce GO to be used as the first type of electrodes. Carbonization of the first type of 
graphene at a higher temperature (900 °C) was carried out in N2 atmosphere. As-prepared 
graphene materials were used as a second type of electrodes. The first type of the 
electrodes showed higher specific capacitance (230 F/g) than that (100 F/g) of the second 
type, even though the second type of graphene has higher BET surface areas. Meanwhile, 
the second type of electrodes demonstrated better capacitance retention at high current 
density due to higher electrical conductivity after high-temperature annealing. 
Highly conductive graphene hydrogels derived from hydrothermal reduction of 
GO suspensions were used for supercapacitor electrodes [94]. In order to further increase 
the electrical conductivity, the graphene hydrogels were treated with hydrazine or 
hydroiodic acid. Supercapacitors based on as-prepared electrodes showed a high specific 
capacitance of 220 F/g at 1 A/ g, high capacitance retention (74%) at a high current 
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density of 100 A/g and a good cycling stability (8% capacitance loss after 2000 cycles). 
Bose et al. [95] prepared well-dispersed graphene sheets in aqueous solution by non-
covalent functionalization using 9-anthracene carboxylic acid. A specific capacitance of 
148 F/g was measured for supercapacitors based on these electrodes. 
Ultrathin, transparent and flexible graphene films, reduced from GO in aqueous 
solution containing Na2CO3 and  NaBH4 to adjust PH values (9-10) for supercapacitor 
electrodes were reported by Yu et al. [96]. CV curves are nearly rectangular, indicating 
nearly ideal electrical double layer capacitive behavior. A specific capacitance of 135 F/g 
was measured for a approximately 25-nm- thick film in 2 M KCl electrolyte. The 
graphene film (approximately 25 nm) showed a maximum energy density of 15.4 Wh/kg 
at 554 W/kg. An et al. [97] non-covalently functionalized graphene with 1-
pyrenecarboxylic acid that exfoliates single-, few-, and multi-layered graphene flakes into 
stable aqueous dispersions. The ultracapacitors based on such functionalized graphene 
demonstrated a specific capacitance of 120 F/g with reasonably high power and energy 
densities of 105 kW/kg and 9.2 Wh/kg, respectively. 
3.1.2 Graphene/Metal Oxides 
Wu et al. [98] prepared a RuO2/graphene sheet composite via the combination of 
sol–gel and low-temperature annealing processes. A specific capacitance of approx. 570 
F/g was achieved for 38.3 wt% Ru loading and a good long-term cycle stability (after 
1000 cycles, 97.9% capacitance retention) was observed. An energy density of 43 Wh/kg 
was obtained for the electrodes with a power density of 10 kW/kg at a current density of 
20 A/g. Graphene–ZnO and graphene–SnO2 composite materials were prepared by a 
screen-printing process and ultrasonic spray pyrolysis deposition and were used as the 
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electrodes of supercapacitors [99]. The graphene–ZnO composite electrode exhibited a 
specific capacitance of 61.7 F/g and a maximum power density of 4.8 kW/kg, while 
graphene–SnO2 electrodes showed lower capacitances. 
Li and co-workers [100] prepared multilayer films by electrostatic layer-by-layer 
self-assembly, using poly(sodium 4-styrenesulfonate) modified graphene sheets (PSS–
GS), MnO2 and poly(diallyldimethylammonium) (PDDA) as building blocks. The 
specific capacitance of an ITO/(PDDA/PSS–GS/PDDA/MnO2) electrode was calculated 
to be 263 F/g at a current density of 0.283 A/g in 0.1 M Na2SO4 electrolyte, higher than 
those of both the ITO/(PDDA/MnO2) and (ITO/PDDA/ PSS–GS) electrodes and 
indicating synergistic effects between the PSS–GS and MnO2 in the multilayer system. 
With increasing current density, the capacitance of the electrode decreased from 263 to 
154 F/g. The electrodes showed good long-term cyclic stability (10 % capacitance loss 
after 1000 cycles). 
Wang et al. [101] used a solvothermal method to synthesize a graphene 
nanosheet–bismuth oxide (Bi2O3) composite for supercapacitor electrodes. A specific 
capacitance of 255 F/g (based on composite mass) was obtained at a specific current of 1 
A/g as compared with 71 F/g for pure graphene. Li et al. [102] fabricated conductive 
graphene/SnO2 nanocomposites using a one-step method in an acidic solution. A 
capacitance value of 43.7 F/g was reported compared to 20.7 and 0.62 F/g for rGO and 
GO, respectively. rGO/MnO2 composites were synthesized by a polymer-assisted 
chemical reduction method [103]. A specific capacitance of 324 F/g with excellent cyclic 
stability (3.2% capacitance loss after 1000 cycles) was achieved. ZnO/rGO composites 
were prepared using a two-step method as electrodes [104]. The composite showed an 
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ideal capacitive behavior with a specific capacitance of 308 F/g at a current density of 1 
A/g. Graphene nanosheets/ZnO composites were synthesized using glucose and 
exfoliated GO as reducing agent and precursor, respectively [105]. The composite 
showed a specific capacitance of 62.2 F/g with a maximum power density of 8.1 kW/kg. 
A functionalized rGO/MnO2 composite [106] showed a specific capacitance of 188 F/g at 
a current density of 0.25 A/g and a capacitance loss of 11% after 1000 cycles. Mishra et 
al. used a chemical route to decorate metal oxide nanoparticles on hydrogen-induced 
exfoliated graphene surfaces and used this graphene/metal oxide composites as 
supercapacitor electrodes [107]. Specific capacitances of  80, 125, 265, 60, and 180 F/g 
were reported for hydrogen-induced exfoliated graphene, functionalized graphene RuO2- , 
TiO2-, and Fe3O4 -functionalized graphene composites a scan rate of 10 mV/ s in 1 M 
H2SO4, respectively. A CeO2/graphene composite was fabricated by depositing CeO2 
nanoparticles onto three-dimensional graphene structures as electrodes [108]. Specific 
capacitances of 81, 57 and 191 F/g were calculated for graphene, CeO2 and 
CeO2/graphene nanocomposite, respectively. 
Yu et al. [38] prepared processed graphene/MnO2 nanostructured textiles through 
a solution-based method. The electrodes exhibited of a specific capacitance of 315 F/g 
with a maximum power density and energy density of 110 kW/kg and 12.5 Wh/kg, 
respectively. A capacitance loss of 5% was observed after 5000 cycles, indicating a good 
cyclic stability. Wu et al. developed supercapacitors with asymmetric electrodes: 
graphene as the negative electrode and a MnO2 nanowire/ graphene (MGC) composite as 
the positive electrode in a 1 M Na2SO4 electrolyte. The electrodes exhibit an energy 
density of 30.4 Wh/kg, higher than those of symmetric ECs based on graphene//graphene 
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(2.8 Wh/kg) and MGC/MGC (5.2 Wh/kg), and a power density of 5 kW/kg at 7.0 Wh/kg. 
However, the asymmetric supercapacitors retained 79% of the initial capacitance after 
1000 cycles. Yan et al. [109] synthesized graphene-MnO2 composites through the self-
limiting deposition of nanoscale MnO2 on the surface of graphene under microwave 
irradiation. Graphene-MnO2 composite (78 wt% MnO2) displays a specific capacitance as 
high as 310 F/g at 2 mV/s and 228 F/g at 500 mV/s. The enhanced electrochemical 
performance of the composite can be attributed to the improved electrode conductivity in 
the presence of graphene network and the increased effective interfacial area between 
MnO2 and the electrolyte. 
3.1.3 Graphene/Conducting Polymers 
Flexible and free-standing graphene/polyaniline (PANI) composite paper was 
synthesized by an in situ anodic electropolymerization method [110]. The flexible 
composite paper showed a specific capacitance of 233 F/g (equivalent to a volumetric 
capacitance of 135 F/cm
3
), much larger than that of pure graphene paper (147 F/g). 
Graphene-polyaniline nanocomposites were synthesized using a chemical precipitation 
technique for supercapacitor application [111]. A specific capacitance of 300-500 F/g at a 
current density of 0.1 A/g was observed for graphene-PANI nanocomposite electrodes. 
Composite films of chemically reduced GO and polyaniline nanofibers with layered 
structures, were fabricated by a vacuum filtration method as supercapacitor electrodes 
[112]. A specific capacitance of 210 F/g and fairly good cyclic stability (21 % 
capacitance loss after 800 cycles) were reported for this flexible composite film at a 
discharge rate of 0.3 A/g. Yan et al. [113] prepared graphene nanosheets (GNS)/PANI 
composite via in situ polymerization as supercapacitor electrodes. A specific capacitance 
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of 1046 F/g, which was based only on the mass of GNS/PANI, at a scan rate of 1 mV/s, 
compared to 115 F/g for pure PANI. The electrode also exhibited an energy density of 39 
W h/kg at a power density of 70 kW/kg. 
Biswas et al. [114] combined conducting polymer polypyrrole (PPy) and highly 
GNS in a multilayered configuration for supercapacitor electrode application. The 
multilayer composite electrode exhibited a specific capacitance of 165 F/g with a nearly 
rectangular CV shape. The good electrochemcial performance may be linked to strong 
van der Waals interaction between nanostructured PPy and graphene basal planes to 
achieve a binder-free multilayered composite structure [114]. Zhang et al. [115] prepared 
graphene and polypyrrole composite (PPy/GNS) via in situ polymerization of pyrrole 
monomer in the presence of graphene under acidic conditions. A specific capacitance of 
482 F/g at a current density of 0.5 A/g and a good cyclic stability (less than 5 % 
capacitance loss after 1000 cycles) were reported for the composite electrode. Graphene 
oxide/ PANI with a mass ratio of 1:200 exhibited a specific capacitance of 746 F/g [116]. 
Mini et al. [117] fabricated graphene/PPy composite for supercapacitor electrodes, 
showing a specific capacitance of 1510 F/g, area capacitance of 151 mF/cm
2
 and volume 
capacitance of 151 F/cm
3
 at 10 mV/s. The calculated energy density and power density 
values were 5.7 Wh/ kg and 3.0 kW/kg, respectively. GNS/PPy composite electrodes, 
prepared by prepared by in situ polymerization [118], exhibited a specific capacitance of 
417 and 267 F/g at scan rates of 10 and 100 mV/s, respectively and a good cyclic stability 
(10 % capacitance loss after 500 cycles). The energy density and power density reported 
were 94.9 Wh/kg and 3.8 kW/kg, respectively. Sulfonated graphene/PPy composite was 
electrochemically deposited from the aqueous solution of pyrrole monomer, sulfonated 
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graphene sheets, and dodecylbenzene sulfonic acid (DBSA). The electrodes showed a 
high value of 285 F/g at a discharge rate of 0.5 A/g and a good cyclic stability (8 % 
capacitance loss after 800 cycles). Table 3.1 summarizes the supercapacitors based on 
graphene materials. 





rGO 50 [84] 
rGO 348  [85] 
rGO 100  [86] 
rGO 135 [50] 
Modified rGO 120―200 [88] 
rGO 205 [89] 
rGO 276 [90] 
KOH activated rGO 165 [91, 92] 
rGO 230 [93] 
rGO 220 [94] 
Functionalized graphene 148 [95] 
rGO 135 [96] 
Functionalized graphene  120 [97] 
RuO2/graphene  570 [98] 




Bi2O3/graphene 255 [101] 
SnO2/graphene 43.7 [102] 
MnO2/rGO 324 [103] 
ZnO/ rGO 308 [104] 
ZnO/ rGO 62.2 [105] 
Functionalized rGO/MnO2 188 [106] 
Fe3O4/functionalized graphene 180 [107] 
RuO2/functionalized graphene 250 [107] 
CeO2/graphene 191 [108] 
MnO2/rGO 310 [109] 
PANI/graphene 233 [110] 
PANI/graphene 300―500 [111] 
PANI fiber/graphene 210 [112] 
PANI/graphene 1046 [113] 
PPy/graphene 165 [114] 
PPy/graphene 482 [115] 
Graphene oxide/PANI 746 [116] 
graphene/PPy 1510 [117] 




The goal of micro-supercapacitor devices is to improve their performance in a 
limited footprint area by using high-capacitance active materials and well-designed 3D 
structures. Efforts to increase the energy and power densities by designing novel 3D 
structures for the electrodes have appeared in recent years [20, 22], and various 
nanostructured materials have been used in the micro-supercapacitor electrodes. Like 
their more conventional counterparts, micro-supercapacitors are usually fabricated from 
three main types of materials: (i) carbon materials with high specific surface area (ii) 
conducting polymers and (iii) metal oxides with high pseudocapacitance. We summarize 
and analyze the recent development in electrode materials and structures (particularly 
based on graphene), as well as their electrochemical performance for micro-
supercapacitor applications. 
3.2.1 Graphene-based Materials 
Because of the advantages of low cost, easy processing, non-toxicity, high 
specific surface area, good electronic conductivity, high chemical stability, and wide 
operating temperature range, carbon materials are promising for large-scale fabrication. 
To enable their use as  supercapacitor electrode materials,  they must have [83]: (i) high 
specific surface areas, of the order of 1000 m
2
/g, (ii) good intra- and inter-particle 
conductivity in porous matrices, and (iii) good electrolyte accessibility to intra-pore 
regions. Prior work [3, 14] indicates that carbon-based electrochemical capacitors 
function similarly to electrochemical double-layer capacitors, which rely on high specific 
area to accumulate non-faradaic charges at the boundary between an electrode and an 
electrolyte. Thus, unlike pseudocapacitive materials, carbon-based active materials 
32 
exhibit true capacitive behavior and excellent chemical stability upon cycling [15]. To 
date, carbon materials with high specific areas such as carbon nanotubes [119], graphene 
[120], activated carbon [27, 80, 121], carbide-derived carbon [77], and carbon onions [27] 
have been reported as active electrode materials in micro-supercapacitors. A table 
summarizing the reported electrochemical performance of the micro-supercapacitors 
based on these materials is provided at the end of this section.  
Activated carbons, produced by either thermal activation or chemical activation, 
are the most widely used electrode materials because they have a high specific surface 
area (approx. 1200 m
2
/g [15]), good electrochemical stability, and a relatively high 
electronic conductivity in aqueous and organic electrolytes [122-127]. The carbons 
generally contain planar networks of hexagonal carbon rings with a size and stacking 
determined by the particular carbon preparation method employed. Generally, there is 
little order between the sheets and no long-range 3D order [122]. Conventional 
supercapacitors based on activated carbons, with different pore sizes (ranging from 0.9 
nm to 1.5 nm), are reported with specific capacitances of 27.9 to 400 F/g in aqueous 
potassium hydroxide electrolyte, equivalent to area-normalized capacitances of 11 to 46 
mF/cm
2
 [123, 124]. To date, only a few studies have been reported [27, 80, 121] on 
micro-supercapacitors based on activated carbons.  
Pech et al. fabricated micro-supercapacitors with activated carbons by 
electrophoretic deposition [27] and inkjet methods [121]. However, the micro-electrodes 
with a few micrometer thicknesses showed relatively low area-normalized capacitances 
(< 5 mF/cm
2
 in 1M Et4NBF4 propylene carbonate electrolyte). Shen et al. [80] filled 50 
to70-µm-thick activated carbons into etched channels on substrates as micro-electrodes, 
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exhibiting much higher area-normalized capacitance (90.7 mF/cm
2
) and power density 
(51.5 mW/cm
2
). Durou and coworkers [128] fabricated micro-supercapacitors by 
depositing activated carbons combined with 15 wt% PVDF as active materials into KOH-
etched silicon cavities. The device exhibited an area-normalized capacitance of 81.0 
mF/cm
2
 (corresponding to a volumetric capacitance of 6.8 F/cm
3
) at 5 mV/s scan rate and 
a specific energy density of 257 mJ/cm
2
, 5.7 times higher than the reported performance 
for carbon-based micro-supercapacitors [80]. The highest reported energy density was 
realized when the deposited active materials reached a thickness of several hundred 
microns. However, this device exhibited a high equivalent series resistance, approx. 200 
Ω (45.4 Ω cm
2
), leading to a relatively low specific power of 34.4 mW/cm
2
. The high 
internal resistance was attributed to the electrolyte resistance and particularly the poor 
contact between the current collector and the electrode material (in this case, activated 
carbon and binder). A conductive agent needs to be added to reduce the series resistance 
of the electrodes. In addition to the foregoing factors, one that may have been ignored is 
that the gaps between two adjacent electrodes are not filled with electrolyte instead with 
solid silicon. Because the active materials are confined to the etched silicon cavities, one 
might expect longer diffusion lengths and thus higher resistance during ion transport. 
Although activated carbons are good candidates for on-chip micro-supercapacitor 
electrode materials, their specific capacitance might be further improved by adding 
pseudocapacitive materials like their more conventional counterparts [129].  
Recently, electrochemically activated carbon micro-electrode arrays derived from 
the pyrolysis of patterned photoresist were reported [20, 22, 130-132]. The micro-
electrode arrays were fabricated through the following steps [130]: (i) 2D interdigitated 
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patterns were created by photolithography using SU-8 25 photoresist; (ii) a second 
photolithography step was employed using SU-8 100 photoresist to create cylindrical 
posts on patterned fingers; (iii) SU-8 structures were pyrolysed at 1000 °C for 1 h in 
forming gas (95% N2 and 5% H2); (iv) electrochemical activation was performed on 
carbon micro-electrode arrays before CV and galvanostatic charge/discharge 
characterization. The micro-supercapacitor device exhibited a specific geometric 
capacitance of 75 mF/cm
2
 at a scan rate of 5mV/s and a fairly good cyclic stability 
(capacitance loss of approx. 13% after 1000 CV cycles). After carbonization, the 
measured post diameters of the pyrolyzed carbon arrays ranged from 53 to 68 µm, which 
limited the accessible specific surface area. The overall electrochemical performance 
could be further improved with (i) decreased diameter of the pyrolyzed carbon posts; (ii) 
increased density of the posts; and (iii) decreased internal resistance by depositing metal 
current collectors. 
CNTs have attracted interest as electrode materials for conventional 
supercapacitors [39, 40, 133-135] because of their unique structure, high surface area, 
low mass density, outstanding chemical stability and excellent electronic conductivity 
[136-141]. Compared with activated carbons, CNTs have several advantages: (i) the 
electrical conductivity of CNTs is greater than 100 S/cm, higher than activated carbon 
(2.5 S/cm); (ii) CNT electrodes are binder-free and each tube is connected directly to the 
substrate, while activated carbon electrodes contain binder that increases the contact 
resistance between particles; (iii) most of the open space in CNT electrodes consists of 
mesopores that contribute to double-layer capacitance and fast ion transport rates [142], 
whereas the pore distribution of activated carbons contains a mixture of micropores (< 
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2nm), mesopores (2 to 50nm), and macropores (> 50nm). Micropores can significantly 
increase surface area but fail to produce the effect of double-layer capacitance due to the 
impedance of ion diffusion and ion-sieving effects, particularly when larger organic 
electrolytes are used [2, 15, 143]. This realization seems to be contradicted by recent 
studies suggesting an anomalous increase in carbon capacitance at pore sizes less than 1 
nanometer [8, 144, 145]. 
To date, few studies of CNT-based micro-supercapacitors have been reported 
[119, 146]. Micro-electrodes based on vertically aligned CNT arrays seem better than 
randomly aligned CNTs because random tubes might extend into the gap region between 
two adjacent electrodes to produce a short circuit. However, because of weak van der 
Waals force between the tubes in the array and the poor mechanical bonding of CNTs to 
the supporting metal films, the internal resistance tends to be large. The reported 
capacitance of as-prepared CNT micro-supercapacitors was 36.5 F/g, with a calculated 
energy density of approx. 0.4 Wh/kg and a power density of approx. 1 kW/kg. 
A common problem with CNT arrays as electrodes is associated with poor 
substrate bonding that is exposed when they are wetted by an aqueous electrolyte to cause 
not only detachment of CNTs from the substrate but also degradation of the vertical 
orientation resulting in poor cyclic stability. Consequently, highly ordered CNT array 
electrodes with high quality electronic properties and mechanical robustness are required. 
To date, balancing these properties remains a challenge, although several attempts have 
been made. A typical method is to fill the array with additional conducting polymer and 
binder to achieve both good electronic conductivity and also mechanical robustness [147]. 
Chen et al. [148] used a conducting polymer composite layer to achieve good electrical 
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connectivity, but only 90% of the CNT length (approximately 2 µm thick) was exposed 
and part of the CNT array was damaged. New fabrication techniques are needed to 
achieve highly ordered CNT array electrodes that are optimized for CNT micro-
supercapacitor applications. 
Since a mechanically exfoliated graphene monolayer was first observed and 
characterized in 2004 [149],  much research in both scientific and engineering 
applications of graphene has been carried out worldwide, including extensive attempts to 
use graphene in conventional supercapacitors [15, 34, 50, 150]. Among the graphene 
materials, reduced graphene oxide (rGO) is most frequently used as an active material in 
conventional supercapacitors because of its low-cost, scalability, wet-chemical properties 
and the high density of chemically active defect sites [87, 151, 152]. rGO is also of high 
interest in the fabrication of micro-supercapacitor electrodes. Interestingly, GO can be 
used as a solid electrolyte [153]. When a substantial amount of water is entrapped in the 
layered GO, it becomes a strongly anisotropic ion conductor as well as an electrical 
insulator, making it both a viable electrolyte and an electrode separator. 
Gao et al. [120] used a laser technique to write rGO patterns directly on free-
standing hydrated GO films for micro-supercapacitors. Three different geometric patterns 
were studied (see Fig. 3.1), and a concentric circular pattern exhibited the highest 




and volumetric capacitance (3.1 F/cm
3
), considering 
only the active thickness of the electrodes. These values are nearly twice those of a 





, with a power density of 1.7 W/cm
3
. As-prepared sandwich and concentric 
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circular devices showed fairly good cyclic stabilities with less than 35% loss of 
capacitance after 10,000 cycles. 
 
 
Figure 3.1. Schematics of CO2 laser-patterning of free-standing hydrated GO films to 
fabricate rGO–GO–rGO devices with in-plane and sandwich geometries and a digital 
image of the result, reprinted with permission from ref. [120]. 
 
Recently, rGO electrodes have been patterned by direct laser irradiation of 
graphite oxide films under ambient conditions [154, 155]. The electrical properties of as-
prepared laser-scribed graphene can be tuned over 5 orders of magnitude of conductivity 
by varying the laser intensity and laser irradiation treatments. Scalable fabrication of 
rGO-based solid-state micro-supercapacitors over large areas was demonstrated by this 
laser scribing method on graphite oxide films using a standard LightScribe DVD burner 
(see Fig. 3.2) [46]. Micro-supercapacitors with an ionogel electrolyte―fumed silica 
nanopowder with the IL 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
(FS-IL)―exhibit a power density of 200W cm
-3
, a frequency response with an RC time 
constant of 19 ms and a low leakage current (< 150 nA after 12 h). Micro-supercapacitors 
based on GO seem to be promising for large-scale fabrication; however, as-prepared GO-
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based supercapacitors may face temperature restrictions that require use near or below 
room temperature to avoid serious stability problems; temperature programmed 
desorption experiments indicate the decomposition of graphene oxide begins at a 
relatively low temperature of 70 °C [156]. 
 
Figure 3.2. (a-c) Schematic diagram of fabrication process for micro-supercapacitors by 
laser scribing method. (d, e) Flexible micro-supercapacitors with high areal density, 
reprinted with permission from ref. [46].  
 
Ultrathin supercapacitors based on an open ―planar‖ architecture between 
opposing graphene thin films have been reported [71]. The structure, comprised of 
graphene flakes that are well connected along the flake edges, is notable because it has 
sufficient porosity to maximize the coverage of the electrode surface by electrolyte ions. 
These ―planar‖ supercapacitors are based either on few-layer graphene or multilayer rGO 
thin films with PVA/H3PO4 polymer gel as an electrolyte. The effect of graphene edges 
reportedly leads to specific capacitances of 80 µF/cm
2 
for few-layer graphene electrodes, 
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while much higher (394 µF/cm
2
) specific capacitances were observed for multilayer rGO 
electrodes. Multi-layer graphene electrodes with the same area and similar amounts of 
electrolyte were compared in order to demonstrate the advantages offered by the open 
―planar‖ structure over a more conventional stacked structure. The area-normalized 
capacitance derived from the ―planar‖ structure (394 µF/cm
2
) was almost 3 times higher 
than of a stacked layer-by-layer structure (140 µF/cm
2
), indicating the ―planar‖ 
geometry‘s superior charge mobility and effective utilization of the electrochemical 
surface area.  
Micro-supercapacitors based on rGO/CNT composite electrodes have been 
fabricated by combining electrostatic spray deposition (ESD) and photolithography lift-
off methods [157]. The fabrication process can be briefly summarized as (see Fig. 3.3): (i) 
creation of interdigitated metal current collectors by conventional photolithography and 
wet etching; (ii) preparation of a removable mask by spin coating Omnicoat and SU-8, 
followed by photolithography using a semi-automated, four-camera, optical 
front/backside mask aligner; (iii) oxygen plasma etching to remove the excess Omnicoat; 
(iv) ESD of the hybrid rGO/CNT materials on the substrates; and (v) removal of the mask. 
The ESD was demonstrated to both deposit and reduce GO to rGO. The micro-
supercapacitors based on the hybrid electrodes exhibit a stack capacitance of 3.1 F/cm
3
 at 




Figure 3.3. (a) Schematic drawing of fabrication procedures of micro-supercapacitors 
(inset shows a digital photograph of a fabricated device). (b, c) Top view SEM images of 
rGO/CNT-based interdigital microelectrode arrays, reprinted with permission from ref.  
[157]. 
 
Carpet-based micro-supercapacitors have been fabricated from 3D 
graphene/CNTs grown in situ on Ni electrodes [158]. The interdigitated graphene/CNT 
structure for the micro-device is shown in Fig. 3.4. The micro-supercapacitor shows an 
impedance phase angle of −81.5° at a frequency of 120 Hz, comparable to commercial 
aluminum electrolytic capacitors for alternating current line filtering applications. The 
micro-device also delivers a volumetric energy density of 2.42 mWh/cm
3
 in ionic liquid 
and a maximum power density of 115 W/cm
3
 in aqueous electrolyte at a rate of 400 V/s. 
The remarkable performance of the device was attributed to seamless nanotube/graphene 
junctions at the interface of the differing carbon allotropic forms. 
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Figure 3.4. (a) Schematic of the structure of G/CNTCs-MCs. Inset: enlarged scheme of 
Ni-G-CNTCs pillar structure that does not show the Al2O3 atop the CNTCs; (b) SEM 
image of a fabricated G/CNTCs-MC, reprinted with permission from ref. [158].  
 
Carbide-derived carbon (CDC) is a promising electrode material for micro-
supercapacitors with high volumetric capacitance [77]. CDC can be produced by 
selectively etching metals from metal carbides using chlorine at elevated temperatures in 
a process that is similar to dry-etching techniques employed for MEMS and microchip 
fabrication. CDC is reported to have the following advantages: (i) microstructures can be 
precisely tuned by tailoring the synthesis conditions; (ii) the precursor TiC is conductive 
and can be deposited in a uniform film by chemical or physical vapor deposition 
technique; and (iii) CDC coatings are strongly adherent with an atomically perfect 
interface leading to low impedance. A schematic of the fabrication process is found in 
Fig 3.5. Electrochemical results in both TEABF4 and H2SO4 electrolyte indicate that 
volumetric capacitance decreases with increasing coating thickness. For a CDC film of 




were measured in TEABF4 and H2SO4 electrolyte, respectively. As the coating thickness 
decreased to approx. 2 µm, the volumetric capacitance increased to nearly 180 F/cm
3 
in 
TEABF4 electrolyte and 160 F/cm
3 
in 1M H2SO4. The decrease in capacitance with 
thicker films was most likely due to microstructural rearrangement from surface stress 
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relaxation, which resulted in porosity collapse and perturbation of the interconnected 
structure that facilitates electron conduction. 
 
Figure 3.5. Schematic of the fabrication of a micro-supercapacitor integrated onto a 
silicon chip based on the bulk CDC film process. Standard photolithography techniques 
can be used for fabricating CDC capacitor electrodes (oxidative etching in oxygen plasma) 
and deposition of gold current collectors, reprinted with permission from ref. [77]. 
 
Porous and highly conducting nanocrystalline graphitic carbon film, derived from 
the graphitization of NiTi alloy and n-type polycrystalline SiC at temperatures less than 
1050°C, has also been used to fabricate on-chip micro-supercapacitors [159]. 
Electrochemical characterization reveals that incorporated nitrogen in the carbon 
electrode might induce pseudo-capacitance. The capacitance was calculated to be 743 
µF/cm
2
, comparable to the values reported for CNT electrodes [146]. 
High-power micro-supercapacitors with an interdigitated structure have been 
reported using nanometer-size (approx. 7 nm) carbon onions as active materials [27]. 
These carbon onions, with a specific surface area of 500 m
2
/g, were first produced by 
annealing nanodiamond powder at 1800°C (Fig. 3.6b) and then deposited from colloidal 
suspensions using an electrophoretic deposition technique onto interdigitated gold current 
43 
collectors patterned on silicon wafers (see Fig. 3.6c). Cyclic voltammograms were 
recorded with a scan rate as high as 200 V/s. The micro-supercapacitor maintained a 
specific capacitance of 0.9 mF/cm
2
 at a scan rate of 100 V/s and volumetric power 
densities that were comparable to electrolytic capacitors. Such high rate capabilities can 
be attributed to the unique zero-dimensional carbon onion structure, which made the 
surface fully accessible to ion adsorption (see Fig. 3.6a). The large pore sizes (average 
size of 10 µm as indicated by SEM characterization in Fig. 3.6e) after particle 
aggregation gives a lower internal resistance for ion transport during high-rate 
charge/discharge processes. Chemical activation of these onion-like carbon materials 
using KOH or NaOH [47, 92, 160] may further increase the specific surface area and thus 
the volumetric capacitances of the micro-device. 
 
Figure 3.6. Design of the interdigitated micro-supercapacitors with carbon onion 
electrodes, reprinted with permission from ref. [27]. 
 
In summary, carbon materials with high surface area and large pore sizes have 
been extensively investigated as electrode materials for micro-supercapacitor applications. 
A summary of electrochemical performance of carbon-based micro-supercapacitors is 
provided in Table 1. Because device data in the literature have been recorded using 
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different setups (e.g., two- or three-electrode testing systems) and calculations of 
capacitances and capacities often are performed with respect to an active electrode mass, 
a full prototype device, or without describing the normalization procedure, it is generally 
difficult to obtain an unambiguous comparison of all parameters of an electrode material 
or a device. In the table, we therefore summarize the data presented in the original reports 
in order to make a comparison. As evident from Table 1, 3D electrodes (thickness greater 
than several tens of micron-meters) in general tend to provide better electrochemical 
performance in ion transport between electrodes and produce a relatively higher energy 
density. Future research in carbon-based micro-supercapacitors will likely emphasize 
electrodes designed to have a higher specific surface area with a pore-size distribution 
compatible with the need for moderate surface modification. Above all, thicker electrodes 
within a fixed footprint area (i.e., 3D structures) are required to further optimize overall 
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Table 3.2. Continued.  
a) In-plane type; b) Sandwich type; 
c) Estimated from the given information in the literature;  d) Estimated from Ragone plots in the literature. 
 
3.2.2 Carbon and Pseudocapacitive Materials as Faradic Electrodes 
Electric double-layer capacitors that rely on physical ion adsorption at the 
boundary between electrode and electrolyte will only give limited capacitance, typically 
in the range of 10–50 µF/cm
2
 [14, 15]. Pseudocapacitance, however, may be 10–100 
times larger because of faradaic charge transfer. Consequently, supercapacitors based on 
pseudocapacitive materials further increase energy and power densities. If they 
additionally maintain a good cyclic stability, they are highly desirable. The charge stored 
in such supercapacitors includes both non-faradaic charge in the double-layer and 
faradaic charge, as active pseudocapacitive materials undergo fast and reversible surface 
redox reactions. To date, considerable effort has been devoted to developing electrode 
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materials for conventional supercapacitors that exhibit pseudocapacitance. Among these 
pseudocapacitive materials, conducting polymers [110, 112, 162-164] and metal oxides 
[165-168] are the most frequently used. Recently, researchers have begun to incorporate 
these pseudocapacitive materials in micro-supercapacitor electrodes to further increase 
area-normalized capacitance as well as energy and power densities [169]. Among the 
metal oxides, RuO2 in its amorphous hydrous form (RuO2·xH2O) has been found to be an 
excellent material for supercapacitor applications. However, faradaic reactions are 
confined to the outermost layer such that a large portion of underlying RuO2·xH2O 
remains unreacted. Moreover, ruthenium-based electrodes are expensive and suffer from 
a diminished high-rate capability [53]. 
Hydrous ruthenium dioxide (RuOxHy or RuO2·0.5H2O) on-chip micro-
supercapacitors were fabricated by a laser engineering approach under ambient 
temperature and atmospheric conditions [170, 171]. Micro-supercapacitors based on 
mixtures of sulfuric acid with the RuO2·0.5H2O electrode material exhibits a specific 
capacitance of 160 F/g, an energy density of 22 mWh/g and a power density of 96.5 
mW/g. Micro-supercapacitors based on hydrous RuO2 (hRuO2) and RuO2 nanorods 
shows a discharge capacitance of 40.7 mF/cm
2
 at a current of 5 µA, decreasing to 11.9 
mF/cm
2 
when the current is
 
at 75 µA [169]. 
Unlike RuO2·xH2O, MnO2 has attracted much attention as a potentially 
commercial pseudocapacitive electrode material because of its low cost, low toxicity and 
most importantly, high theoretical specific capacitance (1370 F/g) [51]. Thick MnO2 
layers were electrodeposited on CNT patterns on two different metal stack layers: Fe–
Al/SiO2 and Fe–Al/Au/Ti/SiO2 [119]. The 20-nm-thick Au film was intended to reduce 
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internal resistance, but it was also found to impede CNT growth since the CNTs were 
found to grow randomly with an average length of only 1.4 µm. Non-rectangular CV 
curves at a low scan rate (10 mV/s) showed a large internal resistance for both cases 
(with and without a Au metal layer). Adding another Au layer did not alleviate the 
internal resistance problem but definitely hindered the CNT growth and consequently 
limited the area-normalized capacitance, energy density and power density. The high 
internal resistance may result from excessive MnO2 deposition, blocking the pores for 
fast ion transport. In another study, MnO2/nanofiber patterning was achieved by 
microfluidic etching for micro-supercapacitor electrodes [172]. The specific capacitance 
was approx. 25 mF/cm
2
 at a current density of 0.5 mA/cm
2
. A large internal resistance 
was observed, and the device showed a cyclic stability characterized by a 4% loss in 
capacitance after 500 cycles at 2 mA/cm
2
. 
Conducting polymers, such as polypyrrole (PPy), polyaniline (PANI) and 
polythiophene (PTP), have been frequently used as pseudocapacitive electrode materials 
in conventional supercapacitors [14, 36, 173, 174]. To date, the design and fabrication of 
micro-supercapacitors based on conducting polymers are in the early stages. The most 
recent reports of micro-supercapacitors based on a conducting polymer is confined to 
PANI and PPy, which are directly coated on current collectors with limited specific 
surface areas [74, 75, 131, 175, 176].  Conducting polymer-based micro-supercapacitors 
predominately focus on electrochemically coating conducting polymers on metal current 
collectors, pre-patterned by conventional lithography techniques. The advantage of this 
method is the ease in fabrication, since PPy and polyaniline are electropolymerizable and 
electroactive in aqueous media. However, parallel fabrication issues require special 
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consideration. For instance, when electrodepositing PANI on interdigitated current 
collectors, the aniline monomer exhibits a high affinity to the underlying SiO2 substrate 
[175, 177], leading to preferential PANI growth in a lateral direction. This lateral growth 
bridges the gap between two adjacent electrodes causing an electrical short circuit. Thus 
post-treatment (e.g., oxygen plasma cleaning) may be needed to remove PANI to avoid 
the shorting problems. 
The main limitation of conducting polymer-based supercapacitors seem to be their 
poor cyclic stabilities[178-180], high self-discharge rates [39, 181], low capacities due to 
the suboptimal doping [173, 174], and limited mass transport within thick polymer layers 
[173, 182, 183]. One possible solution to these issues is to coat a thin layer of conducting 
polymer on a conducting template with a large specific area [39, 40, 113, 184, 185]. 
Consequently, coating of conducting polymers on templates (e.g., graphene) might be an 
effective way to enhance electrochemical performance of micro-supercapacitors. 
A newly published study combined rGO and PANI as active materials for 
electrodes [186]. The micro-electrodes were prepared by in situ electrodeposition of 
polyaniline (PANI) nanorods on the surface of reduced graphene oxide (rGO) patterns 
fabricated by micromolding in capillaries. The rGO patterns were found to be relatively 
uniform, although aggregation of rGO in the patterns along with defects caused by the 
closed channel at the end of each finger electrode was observed. After 4500 s of PANI 
electrodeposition, dense PANI nanorods, with diameters of 20 nm and heights of 100 nm 
to 200 nm, covered the surface of rGO. This solution-based method allows uniform and 
controllable in situ electrochemical growth of conducting polyaniline (PANI) nanorod 
arrays on patterned rGO thin films over large areas. The as-prepared micro-
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supercapacitors exhibited a specific capacitance of 970 F/g at a discharge current density 
of 2.5 A/g, as well as good stability, retaining 90% of initial capacitance after 1700 
consecutive cycles. 
Graphitic nanosheets (nanowalls) [187], or graphitic petals (GPs), containing a 
few layers of graphitic carbon and growing roughly perpendicularly to a substrate over a 
large surface area offer many advantages as active electrode materials because of their 
high specific area and high electrical conductivity. The formation of petals requires a 
plasma environment, different from non-plasma CVD of planar graphene. The petals can 
be directly grown on different substrates (e.g., Ni foil, carbon cloth, carbon nanotubes) 
without any binder for conventional supercapacitor applications [31, 188-190]. Recently, 
controlled growth of these graphitic petals on insulating substrates was demonstrated by a 
simple scribing method [30], providing an efficient means to pattern GP interdigitated 
electrodes for on-chip planar micro-supercapacitor applications. The interdigitated GP 
nanostructures can serve either as independent electrodes or templates for deposition of 
pseudocapacitive materials in micro-supercapacitor applications. Table 3.3 provides a 
summary of micro-supercapacitor performance based on pseudocapacitive materials 
reported in the literature so far. Similar to the practice followed in Table 3.2 for carbon-
based micro-supercapacitors, we choose to summarize the data presented in the original 
reports rather than translate the results into a common set of units.  
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3.2.3 Solid-state and Flexible Graphene-based Micro-supercapacitors 
 Conventional supercapacitors often use electrolytes in the form of liquid (either 
aqueous or organic-based solution). A consequence of this choice is the risk of electrolyte 
leakage during use. Consequently, high-level safety packaging techniques have been 
developed in which the electrolyte seal is robust and leak-proof but the encapsulation is 
bulky. This is not an important issue in conventional macro-scale applications, where 
there is no overriding size constraint. The situation is different in micro-scale systems 
where the space constraint for energy storage devices can be severe. 
To date, electrode patterns are typically confined to several square millimeters 
with a micrometer-size spacing between electrodes that can be readily achieved using 
well-developed micro-fabrication technique like photolithography. However, the 
development of advanced packaging techniques has not kept pace with the size reduction 
of the micro-patterned electrodes. As a result, most existing literature on micro-
supercapacitors reports the energy performance in liquid electrolyte without 
encapsulation. To enable micro-supercapacitor technology, a solid-state device 
configuration is necessary for micro-scaled energy storage components to be directly 
integrated onto chips. The key task to achieving a solid-state micro-supercapacitor lies in 
the development of a solid-state electrolyte. Several pioneering studies have appeared to 
address this need. 
An early work on the development of a sandwich-type solid-state micro-
supercapacitor was carried out by Ho and co-workers [194]. A porous carbon material 
and an ionic liquid-based solid-state electrolyte were adopted. They demonstrated a 
direct-write, printing method to additively fabricate solid-state, thick-film micro-
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supercapacitors directly on a substrate at room temperature under ambient conditions. 
First, electrode and electrolyte paste solutions were prepared in N-methyl pyrrolidone 
(NMP) according to the following component proportions: 50 wt% mesophase microbead 
(MCMB) carbon material (size range 6-28 µm), 2 wt% acetylene black (AB) as 
conductive additive, 24 wt% polyvinylidene difluoride (PVDF) as polymer binder, and 




) ionic liquid 




 ionic liquid for 
the electrolyte pastes. A custom-built dispenser printer consisting of a pressure regulator 
and a 3-axis stage with micron resolution was developed for the direct writing of micro-
supercapacitors. A typical micro-supercapacitor consists of a bottom carbon electrode 
film (thickness approx. 30 μm), a gel electrolyte separator (thickness 15-30 μm) and a top 
carbon electrode film (thickness approx. 30 μm) on a stainless steel substrate within a 1 
cm × 1 cm footprint. This ionic liquid-based micro-supercapacitor exhibited a high 
breakdown voltage of 1.7 V. At a current density of 0.1 mA/cm
2
, the specific capacitance 
of the micro-supercapacitor increased substantially within the first 30000 cycles, and then 
reached a stable value of 0.55 mF/cm
2
 for the next 70000 cycles. Further work on 
integration of such a micro-supercapacitor with a MEMS piezoelectric vibration energy 
harvester on the same chip was also demonstrated [161] . An improved specific 
capacitance of 53 mF/cm
2
 was achieved using thicker electrodes. It shows an energy 
density and power density of 10 µWh/cm
2
 and 0.575 mW/cm
2
, respectively. Although the 
performance of the MEMS and micro-supercapacitors were tested separately, without any 
electrical integration of the energy harvesting and energy storage components, this work 
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demonstrates the feasibility of integration of a micro-supercapacitor with a MEMS on the 
same chip. 
To increase the device specific capacitance, Sun and Chen [74] designed and 
fabricated micro-supercapacitors based on PPy films polymerized on 3D interdigitated 
Si/SiO2/Ni electrode [193]. LiClO4-PVA solid-state electrolyte was coated on the 
electrode substrate to form a solid-state micro-supercapacitor. At a low current load of 
0.5 mA/cm
2
, the device shows an area-normalized capacitance of 125 mF/cm
2
. As the 
current load increases to 5 mA/cm
2
, the device can deliver a power density of 2.2 
mW/cm
2
 with a lower specific capacitance of 29 mF/cm
2
. 
Micro-energy storage with the added functionality of mechanical flexibility 
creates a new requirement to energy storage that extends power sources beyond 
traditional use, e.g., to enable a wearable electronic device. Not surprisingly, a significant 
effort has arisen to develop a solid-state, mechanically flexible micro-supercapacitor. In 
prior work, flexible solid-state micro-supercapacitors were fabricated with conducting 
polymers (e.g., PANI [176], PPy [76, 175, 195], and PTP [175]) or metal oxides (e.g., 
MnO2 [196]) as electrodes because such electrode materials could be deposited on 
patterned current collectors electroplated on flexible polymer substrates. Then gel 
polymer electrolyte is coated on the patterned electrodes to form a flexible solid-state 
micro-supercapacitor. However, conducting polymer and metal oxide-based electrodes 
have the inevitable physical limitation of poor charge/discharge cycling performance and 
inferior electrical conductivity (see section 4.2). Future research should focus on the 
addition of porous graphene-based materials as templates to further exploit the 
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electrochemical properties of the pseudocapacitive materials in flexible micro-
supercapacitors. 
Xue and co-workers [186] fabricated flexible solid-state micro-supercapacitors by 
in situ electrodeposition of PANI nanorods on the surface of rGO patterns that are 
prepared by micromolding in capillaries (MIMIC). The fabrication procedure is 
summarized in Fig. 3.7. First, a flat PDMS substrate and a patterned PDMS stamp were 
pressed together to achieve conformal contact. A drop of well-dispersed GO aqueous 
solution was placed at each end of the PDMS stamp. After heating under vacuum with 
hydrazine solution and then degassing for 30 min at room temperature, the system was 
then warmed to 70 °C for 12 h to form the patterned rGO electrodes. PANI was 
electrodeposited on the patterned GO interdigitated electrodes using a three-electrode 
electrochemical system at a constant potential of 0.75 V vs. Ag/AgCl in a 0.05 M aniline 
solution with 0.5 M H2SO4 as the supporting solution. H3PO4-PVA gel electrolyte was 
used to coat the micro-supercapacitor device to achieve a solid-state flexible micro-
supercapacitor. Compared with the micro-supercapacitors based on PANI deposited on 
bare gold microelectrodes, the PANI/rGO-based micro-device showed higher specific 
capacitance (970 F/g at a current density of 2.5 A/g), better rate capability and enhanced 
cycle stability (10% capacitance decay after 1700 charge/discharge cycles), which was 
ascribed to the synergistic effect of rGO and PANI nanorod arrays. 
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Figure 3.7. Schematic diagram of fabrication process for rGO/PANI microelectrodes, 
reprinted with permission from ref. [186]. 
 
 Instead of using conventional micro-fabrication techniques (e.g., photolithography 
in clean room) that require high standard fabrication environment and complicated 
multiple fabrication processes, Kaner‘s group [46] demonstrate a scalable fabrication of 
flexible all-solid-state micro-supercapacitors by a simple direct laser writing on graphene 
oxide films using a standard LightScribe DVD burner, with a spatial resolution of 20 µm. 
Briefly, 16 ml of aqueous GO dispersion (2.7 mg/ml) was drop-cast on PET bonded on 
the surface of a media disc. After being dried overnight under ambient conditions, a 
uniform GO layer was formed on PET surface. The GO-coated disc was subsequently 
inserted into a DVD drive for laser scribing to obtain designed interdigitated micro-
patterns. A flexible all-solid-state micro-supercapacitor was achieved after dropping a 
solid-state electrolyte overcoat (e.g., PVA-H2SO4 or FS-IL Ionogels). Herein, the laser-
scribed graphene patterns serve as both an active material and a current collector while 
the remaining GO serves as spacing between two electrodes. As-prepared flexible micro-
supercapacitors exhibit good energy storage performance. 
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In summary, the development of solid-state graphene-based micro-
supercapacitors is still in early stages. Designing a composite electrode composed of 
highly porous graphene-based materials plus a pseudocapacitive additive remains a goal 
to improve the electrochemical properties of the micro-device. In order to solve 
electrolyte leakage problems associated with packaging, researchers have used different 
solid-state electrolytes to fabricate graphene-based solid-state micro-supercapacitors with 
little or no encapsulation. By integrating devices on flexible substrates (e.g., polymer-
based films), researchers have achieved new types of solid-state micro-supercapacitors 
with a mechanical flexibility which may find use in flexible thin-film micro-energy 
storage devices. Meanwhile, predictable issues surrounding the use of solid-state 
electrolytes, such as larger internal resistance and inferior rate capability compared with 
their liquid counterparts, still require attention. Future research on flexible micro-
supercapacitors should focus on the design of new, high-performance electrode materials 
and better solid-state electrolytes.  
3.2.4 Fabrication Techniques for Graphene-based Electrodes 
This section summarizes various techniques that have been used in the fabrication 
of micro-supercapacitors. First and foremost, progress in micro- and nano-fabrication 
techniques provides a scalable basis for fabricating micro-supercapacitor electrodes using 
conventional lithography-based techniques. These techniques are often selected when the 
patterned graphene-based materials are thin and require a precise separation between two 
adjacent electrodes. In order to pattern thick active materials as micro-electrodes, 
selective etching of active materials is performed using metal masks patterned by 
conventional optical lithography techniques. In this case, the gap width between two 
58 
adjacent electrodes can be easily adjusted by controlling the optical lithography 
parameters. As an example, 200 µm thick electrodes of carbide-derived carbon films 
have been fabricated for micro-supercapacitors using patterned metal masks on top of the 
active materials [77]. 
Inkjet printing technology has proven efficient when patterning liquid precursor 
materials such as structural polymers, conducting polymers, sol-gel materials, ceramics, 
nanoparticles, nucleic acid and protein arrays for the fabrication of electronic devices, 
sensors, and the functionalization of biomedical surfaces [197-199]. Inkjet printing offers 
the following advantages: (i) short processing time, (ii) low capital and production costs, 
(iii) applicability to non-planar substrates, (iv) ease in processing, particularly when 
compared to photolithographic techniques, and (v) an easy path to meet industrial scale-
up needs. For these reasons, inkjet printing is considered to be simpler, more 
environmentally friendly and cost effective than vacuum-based methods [197, 200]. 
Inkjet printing has been successfully used to print conducting metal patterns from Ag 
[201, 202], Pd [203], Au [204], Pt [205], Cu [206], and conducting polymers [207]. As an 
example, to investigate the potential of inkjet printing for nanoelectronic applications, 
Bhuvana and coworkers [203] successfully used inkjet printing methods to pattern a 
network of SWCNTs by printing two layers of an aqueous solution of SWCNTs wrapped 
with single-stranded DNA. Pech et al. [121] prepared an ink of activated carbon powder 
with a PTFE polymer binder in ethylene glycol stabilized with a surfactant. It was then 
possible to deposit this material on patterned gold current collectors with the substrate 
heated at 140 °C in order to assure a good homogeneity. Various micro-supercapacitors 
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were designed with this technique with interdigitated fingers ranging from 40 to 100 µm 
width. 
Femtosecond lasers have been widely used for producing micron features and 3D 
micro-devices in many fields due to their advantages of nanometer spatial resolution and 
3D prototyping capability [208-210]. The resolution required to create precise micro-
devices has continually improved [211, 212]. A laser ―forward transfer‖ technique has 
been used to fabricate conformal, mesoscale passive electronic components, including 
metal interconnects, multilayer capacitors, inductors, and resistors. Using this transfer 
technique, Pique et al. [213] demonstrated the ability to rapidly prototype temperature, 
biological and chemical sensor devices. This matrix assisted pulsed laser evaporation 
direct-write process is compatible with a broad class of materials such as metals, 
polymers, biomaterials or composites as multilayers or discrete structures on a single 
substrate. A direct femtosecond laser reduction process to make graphene-based 
electronic micro-circuits on graphene oxide films has been demonstrated [214]. Free-
standing and flexible micro-supercapacitors on a GO film were fabricated based on the 
laser writing techniques [120]. Laser writing has also been used to fabricate micro-
supercapacitors at a large scale by a standard LightScribe DVD burner [46]. A laser drive 
can write desired graphene circuits onto a GO film following computer-designed patterns. 
Various micro-devices with different sizes and shapes can be produced on a single run. 
This provides a simple method to fabricate cost-effective and scalable micro-
supercapacitors. 
Micromolding in capillary (MIMIC) has been used to fabricate microstructures of 
organic polymers, inorganic and organic salts, ceramics, metals, and crystalline 
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microparticles in many different kinds patterns [215, 216]. The protocols underlying this 
method are discussed elsewhere [215, 217]. The technique relies on the spontaneous 
filling of channels with a fluid by capillary action, in which the rate and the extent of 
filling are determined by the balance between interfacial thermodynamics and viscosity 
drag [216]. The merits of this method in fabricating micro-pattern electrodes are: (i) the 
fabrication of a mold in MIMIC is simple; it requires only the conformal contact of a 
substrate with an elastomeric mold; (ii) only limited (and in some cases no) access to 
facilities for lithography; and (iii) the production of multiple copies of an elastomeric 
component from a single lithographic master. However, this method is limited to low-
viscosity liquids. This liquid-based process can be an effective alternative to fabricate 
micro-supercapacitor electrodes. Large-scale micro-patterns of continuously conductive 
rGO films that are centimeters in length and micrometers in width on various substrates 
were fabricated using the micromolding and their capabilities in a sensing application 
were demonstrate in a recent study [217]. Micro-supercapacitors based on rGO 
micropatterns fabricated by this method were reported recently [186].  
3.2.5 Conclusion and Outlook 
Fabrication of 3D electrochemical micro-supercapacitors is relatively new and 
rapidly growing endeavor when compared to more conventional supercapacitors. For this 
reason, it is worthwhile to review the primary scientific literature to learn trends and 
identify existing benchmarks. Particular emphasis was placed here on the latest 
developments of carbon-based materials used to fabricate solid-state (both flexible and 
rigid) micro-supercapacitors. A major challenge remains to increase the thickness of the 
active materials (i.e., 3D structures) in order to increase the specific capacitance and 
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energy density of a micro-supercapacitor, without sacrificing the cyclic stability and 
power densities in a given footprint for future micro-supercapacitor design.  Material 
constraints are required because the long-term goal is to produce on-chip devices. A 
number of directions can be identified that require further improvement. 
(i) Electrode materials. Integrating new carbon nanomaterials such as CNTs and 
graphene into micro-supercapacitors would be a good choice to improve specific surface 
area, capacitance and energy storage. These nanomaterials not only can be directly used 
as electrodes but also could be used as nanotemplates for pseudocapacitive materials to 
further increase their utilization efficiency and more importantly to solve the long-term 
cyclic problem associated with volume change and swelling during the ion 
doping/undoping process. 
(ii) Fabrication and integration techniques. New techniques to fabricate and 
integrate 3D microelectrodes need further development (e.g., how to transfer and 
integrate active materials onto temperature sensitive substrates). A cost analysis of the 
wide variety of fabrication techniques already in use is required before large-scale 
applications are possible. 
(iii) Electrolyte development and packaging issues. Solid-state electrolytes define 
a new trend for the fabrication and packing of multifunctional (e.g., flexible and 
transparent) micro-supercapacitors. More choices for solid-state electrolytes that are fast 
ion conductors are required so that the cell voltage of a micro-device can be higher than 4 
V to further increase energy density. Solid-state electrolytes also hold promise to solve 
packaging issues confronting micro-scale supercapacitors. Lastly, new packaging 
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techniques are needed in order for micro-supercapacitors to be useful in practical 
applications. 
3.3 Lithium Ion Batteries  
Rechargeable Li ion batteries with high energy and power density, long cycling 
life, high charge–discharge rate (1C – 3C) and safe operation are in high demand as 
power sources and power backup for hybrid electric vehicles and other applications [28, 
218-223]. The electrochemical activity of the electrode materials can be improved by 
decreasing the particle size and increasing surface area; consequently, designing 
electrodes based on nanomaterials/nanocomposites for lithium-ions batteries have 
attracted substantial interest in the research community recently [224-227]. However, 
electrodes based on nanoscale materials encounter problems derived from attacks by 
electrolyte, particularly at low charge/discharge rates. This situation deteriorates when the 
electrolyte is capable of decomposing the electrode, although attempts such as coating 
particle surfaces with a protective agent have been tried [225]. Developing simple and 
affordable synthesis procedure with low cost is also one of the key factors for large-scale 
application of nanomaterials in the design of electrochemical energy storage devices. 
Another valuable property of lithium-ion batteries is their ability to operate at high 
voltages since the specific energy density depends largely on the operative voltage of the 
cells, which can be accomplished by using anodic and cathodic materials with the lowest 
and the highest potentials versus lithium reference electrode, respectively.  
A crucial factor to evaluate the performance of lithium ion batteries is the cyclic 
stability of the electrodes. Accumulative mechanical stresses occur during iterative 
charge/discharge cycles leading to cracks or detachment of active materials from current 
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collectors. Consequently, the cycle life is an important factor to achieve high-
performance lithium ion battery electrodes. 
Significant progress has been achieved in anode materials with superior capacity, 
such as Si [228, 229], Sn [230], transitional metal oxide [220, 231]. However, such high-
capacity materials are still facing problem of rapid capacity decay because of poor 
mechanical stability during cycle-to-cycle iterations. Pulverization of active materials 
during cycling leads to deteriorating electrochemical properties and breakdown. For 
instance, excessive crystalline expansion (up to 400% volumetric expansion) and poor 
electron transport at high charge/discharge rates are associated with bulk Si and Ge 
anodes [223, 232]. Shrinking the particle sizes to nanoscale (e.g., silicon and germanium 
nanowires) can change the crystal structure and may modify the mechanism of 
volumetric expansion upon lithiation [228, 232]. Another way to solve this problem is to 
combine such high-capacity materials with carbon-based nanostructured materials like 
carbon nanotubes or graphene to establish an electrically conductive percolation network 
on the nanoscale [229, 233].  
Graphite, with a theoretical capacity of 372 mAh/g [234, 235], is the most used 
anode materials for rechargeable lithium ion batteries.  Reversible intercalation of Li into 
carbon host lattice provides good cyclic stability and safety for lithium ion battery anodes. 
To further increase the energy and power densities, nanostructured carboneous anode 
materials such as one-dimensional carbon nanotubes [236-239], two-dimensional 
graphene [240-244], and porous carbon-based anodes [245, 246] have been developed to 
increase active sites for Li storage.  
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Free-standing electrodes in lithium ion batteries attract much interest recently 
because of their ability maintain bifunctionality (i.e. role as both the active material and 
current collector). They have the following advantages: i) potential high temperature 
applications because of no binder involved in fabrication of these electrodes, opening up 
the possibility for use in battery applications in excess of 200 °C (a temperature at which 
most conventional binders are unstable). ii ) lightweight, flexible geometry for thin film 
batteries. iii) free-standing scaffold for high-capacity semiconductors (e.g., Si or Ge) to 
achieve high capacity and good cyclic stability. iv) increased usable capacity by removal 
of the inactive copper foil [247]. Existence of copper substrate decreases depth of 
charge/discharge of the electrodes because prolonged cycling below 2.5 V leads to 
oxidation of the copper substrate [248]. Eliminating metal foil substrates can possibly 
mitigate cyclic stability issues. Hence, developing free-standing carbon anodes is 
promising to achieve lithium ion batteries with high capacity, energy and power densities. 
Free-standing CNT electrodes can be fabricated either by vacuum or pressure 
filtration of stable single-walled carbon nanotubes (SWCNT) and multi-walled carbon 
nanotubes (MWCNT) dispersions through a porous inert support (e.g. Teflon, porous 
anodic alumina). These flexible free-standing CNT papers possess high electrical 
conductivity and strong mechanical properties. The tensile strength of typical SWCNT 
papers is 80–100 MPa, depending on synthesis and processing steps. The Young‘s 
modulus for SWCNT papers is in the range of 5–10 GPa [247]. As-prepared CNT papers 
can be easily bent around a curved surface and twisted without any irreversible plastic 
deformation and are suitable for processing steps involving roll coaters or dye cutting in 
battery industry. 
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Reversible lithium ion capacity of free-standing SWCNT electrodes is generally 
reported between 400–460 mAh/g for purified materials at a low charge and discharge 
current density (e.g., 20 mA/g) [249-251]. Increased capacity was observed in shortened 
or defected SWNTs, reaching 1000 mAh/g at a discharge density of 50 mA/g [252, 253]. 
For CNT electrodes, a large irreversible capacity loss was usually observed because of 
solid-electrolyte interphase (SEI) formation at around 0.8-0.9 V, depending on the 
electrolyte and discharge current [247]. Postmortem analysis of the free-standing SWNT 
papers has suggested that the structural integrity of the nanotubes is preserved after 10 
cycles [238].  XRD studies of the electrodes after cycling indicates that the lithium ion 
insertion/extraction during cycling has modified SWCNT bundle properties [238].  
Free-standing MWCNT papers have also been fabricated for lithium ion battery 
electrodes [254], although with slightly reduced mechanical properties than free-standing 
SWNT papers. The SEI layer formation in the first discharge cycle was observed around 
0.8 V and the irreversible capacity loss is less than that of free-standing SWNT papers. 
As-prepared MWCNT papers exhibited a reversible a reversible discharge capacity of 
approx. 200 mAh/g at a discharge current density of 74 mA/g. Pyridine modified 
MWCNT electrodes exhibited higher reversible discharge capacity [254].  
The first cycle capacity loss complicates capacity matching with cathodes and 
therefore needs to be overcome for practical consideration. SEI formation process with 
CNTs may show significant differences from conventional graphitic anodes. Tin oxide 
(SnO2) layers with different thickness were coated on MNWTs by a thioglycolic acid 
assisted one-step wet chemical method to improve the charge capacities and durability 
against decay [255]. The initial discharge capacity of SnO2/MWCNT nanocomposite was 
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reported as 1460 mAh/g with capacity retention of 27.7% after 20 charge/discharge 
cycles. The high charge capacities and durability against decay are ascribed to the 
uniform dispersion of SnO2 with a small particle size on MWCNTs, allowing the stress 
caused by the drastic volume expansion during the lithium intercalation/deintercalation 
process to release.   
Because of light weight, high electrical conductivity, and stable structure, free-
standing CNT paper can also be an efficient backbone for ultra-high capacity active 
materials for lithium ion battery electrodes. Carbon-Si core-shell nanowires were 
fabricated by chemical vapor deposition (CVD) of amorphous Si (α-Si) onto carbon 
nanofibers networks [229]. A high usage of specific charge capacity of α-Si (2000 mAh/g) 
was achieved because the carbon cores, as efficient electron transport pathways and 
stable mechanical support, experience little structure or volume change with charge 
potential down to 10 mV versus lithium metal. Other inorganic compounds and 
semiconductors have been incorporated with CNT materials for improved anodes such as 
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4.1 Abstract 
Factors influencing the formation and structure of graphitic petals grown by 
microwave plasma-enhanced chemical vapor deposition on oxidized silicon substrates are 
investigated through process variation and materials analysis. Unlike the spatially 
homogeneous growth mechanisms reported previously, some graphitic petals are found to 
grow at an accelerated rate, often growing ~20 times faster than other petals located only 
a fraction of a micrometer away. Using scanning electron microscopy and atomic force 
microscopy, the rapid growth rate of these fast-growing petals is attributed to the 
formation of nanoscale cones in the plasma etched SiO2 layer. Electron energy loss 
spectroscopy reveals that the formation of these nanoscale cones is associated with a 
localized roughening of the oxidized silicon substrate—a process that depends on plasma 
power. Raman spectroscopy and transmission electron microscopy are used to confirm 
the graphitic nature of the as-grown petals. Insights gained into the growth mechanism of 
these graphitic petals suggest a simple scribing method can be used to control both the 
                                                 
1 Content in this chapter is reproduced from Ref. [30] with the permission of Elsevier. 
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location and formation of petals on flat Si substrates. Experiments performed to test this 
hypothesis show that controlled petal growth can be achieved, a development that enables 
an exploitation of the graphitic petal properties in many practical applications. 
4.2 Introduction 
Carbon nanomaterials (e.g., carbon nanotubes [136], nanospheres [260], nanohorns 
[261], nanoplates [262], nanoparticles [263]) have attracted considerable research 
attention due to their unique properties and potential applications. Transition metals like 
Fe and Ni have been traditionally viewed as important catalysts for sp
2
 carbon growth 
since they enable rapid dissociation of carbon-rich molecules to form metal-carbon alloys 
that precipitate carbon through a vapor-liquid-solid mechanism. Two-dimensional 
graphene in the form of single-layer graphene (SLG) or few-layer graphene (FLG) has 
been the particular focus of much recent research because of its unique electronic 
properties [149, 264, 265]. 
In contrast to the production of conformal sheets of SLG or FLG, small crystalline 
graphitic petals (GPs), or carbon nanowalls (or nanosheets) containing a few layers of 
graphene  have interesting industrial applications because they grow roughly 
perpendicular to a substrate and dramatically increase the surface area from which they 
grow. The GPs are thin, containing only a few graphitic layers, and can be catalyst-free, 
suggesting they might be a source of free-standing graphitic material. Various methods 
have been reported to grow GPs in the past decade [266-270], among which microwave 
plasma-enhanced chemical vapor deposition (MPCVD) is particularly common [271-273]. 
GPs can be used for field emission enhancement [274, 275], hydrogen storage [276, 277], 
sensors [278, 279], nano-composites [280-282] and as a growth template for 
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nanostructures of different materials [187]. A comprehensive review of GP growth and 
applications has been provided by Hiramatsu [283]. 
Although observations of GPs prepared by MPCVD have been reported in prior 
work [272, 273, 283-286], their nucleation and growth is not well understood, and the 
extent of their graphitization has not been well established. Of particular interest are 
recent studies of the catalyst-free graphitization of SiO2 nanoparticles [287] and silicon 
oxide surfaces [288] that have recently appeared. This is an important development since 
it suggests the possibility that silicon oxide graphitization in one of its varied forms could 
possibly be integrated into a silicon-based process. Further investigation is warranted in 
order to better control morphology, petal density, and placement required for practical 
applications. By way of review, Tanaka et al. [272] investigated the growth process of 
GPs at a low (500 W) plasma power with a negative bias and suggested that the GPs 
emerge from fine-textured structures on a SiO2 surface with a well-defined semicircular 
shape during the initial growth stage. Zhu et al. [273] proposed that GP growth results 
from a balance between carbon addition through surface diffusion and carbon subtraction 
by atomic hydrogen etching in the plasma-enhanced deposition environment. Malesevic 
et al. [284] suggested three steps for GP growth: (i) initially, a graphite base layer forms 
parallel to the substrate, (ii) crack edges develop because of the internal stress due to 
temperature gradients, ion bombardment and a mismatch between the lattice parameters 
of the substrate material and graphite and produce nucleation sites for upward curling, 
and (iii) the continued accumulation of carbon species results in the vertical growth of 
GPs. Vitchev et al. [285] investigated the initial stages of the growth process of few-layer 
GPs on several substrates (e.g., quartz and silicon). Based on X-ray photoelectron 
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spectroscopy (XPS) studies, they suggested that an amorphous carbon layer is initially 
deposited on the quartz surface with subsequent formation of a graphitic layer followed 
by GP growth. 
In this chapter, we report the results of detailed studies to investigate GP growth 
with a focus on the initial structure and formation of early-stage GP growth. We find 
evidence for two different types (slow-growing, fast-growing) of GPs prepared by 
MPCVD on oxidized silicon substrates. Surprisingly, a large variation in growth rate is 
observed, yielding early-stage GPs of vastly different heights. Detailed studies using 
high-resolution electron energy loss spectroscopy analysis have been performed to 
investigate the GP/SiO2 interface. A mechanism for GP growth is developed that extends 
those proposed in prior work [273, 283-286]. Finally, the last section describes 
techniques developed to demonstrate control in the lateral placement of GPs on a flat 
SiO2 substrate, an achievement that enables the writing of narrow ―lines‖ of GP petals on 
SiO2. 
4.3 Experimental 
The MPCVD system used for synthesis of GPs in this study has been previously 
described in detail [289]. The schematic diagram of the chamber is shown in Fig. 4.1.  In 
brief, the plasma source consists of a 2.45 GHz frequency microwave power supply with 
variable power. Oxidized silicon wafers (p-type <111>) with different thicknesses of 
SiO2 top layers were used as substrates. Unless otherwise stated, the substrate dimension 
in these experiments is 1x1 cm
2
.  The substrates, elevated 15 mm above a 55-mm-
diameter Mo puck by ceramic spacers, were subjected to MPCVD conditions of H2 (50 
sccm) and CH4 (10 sccm) as the primary feed gases at 30 Torr total pressure. The GP 
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growth time varied from 30 s to 30 min to produce samples at different stages of growth. 
The substrates were initially exposed to hydrogen plasma for approximately 6 min, 
during which the plasma power gradually increased from 300 W to 700 W. At a plasma 
power of 300 W, visible plumes appeared at each corner of the substrate because of the 
high localized electric field. When plasma power increased to 700 W, the size of plumes 
increased, and eventually they coalesced to cover the entire substrate. This plasma is 
sufficient to heat the samples from room temperature up to ~1100°C, as measured by a 
dual-wavelength pyrometer (Williamson PRO 92). After introducing CH4, the measured 
temperature decreases slightly to ~1000°C. To better understand the formation of the 
nanoscale cones, a lower plasma power (300 W) was used during GP growth for some 
experiments.  
 
Figure 4.1. Schematic diagram of the MPCVD chamber illustrating the approximate 
location of the oxidized silicon substrate with respect to the plasma. 
 
A Hitachi S-4800 field emission scanning electron microscope (FESEM) operated 
at 5 kV was used to study sample surface morphology. A FEI Titan 80-300 operated at 
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300 kV was utilized for a high-resolution transmission electron microscopy (HRTEM) to 
characterize structure of the as-grown GPs, as well as substrate/oxide and oxide/GP 
interfaces. The same instrument was equipped with Gatan imaging filter (GIF Tridiem, 
model 863), which allows acquisition of elemental mapping images via electron energy 
loss spectroscopy (EELS). TEM samples for GP structure analysis were prepared by 
scratching a sample surface with a razor blade to remove deposited material into a vial 
with acetone followed by ultrasonic bath treatment for several minutes, after which a 
drop of obtained suspension was put onto a lacey carbon 300 mesh copper TEM grid. For 
interface analysis, cross-sectional TEM samples were prepared by a focused ion beam 
(FIB) lift-out technique [290] in a FEI Nova 200 dual beam SEM/FIB system equipped 
with a Klöcke™ nanomanipulator. 
AFM imaging studies of bare SiO2/Si substrates after etching by the hydrogen 
plasma were performed with a Veeco Dimension 3100 scanning probe microscope (SPM) 
using a NS-IV controller in tapping mode with a Pt–Ir coated Si tip (spring constant = 1–
5 N/m and resonant frequency = 75 kHz). Raman characterization was performed with an 
Xplora spectrometer (Horiba Jobin Yvon Inc.) with a fixed laser excitation wavelength of 
532 nm, power of 2.5 mW, spot size of 600 nm, and magnification of 100X. 
4.4 Results and Discussion 
4.4.1 Effect of Hydrogen Plasma on Oxidized Silicon   
Before GP growth, the effect of the hydrogen plasma on the substrates was 
investigated in order to understand the role, if any, of hydrogen plasma pretreatment prior 
to GP growth. As-received Si/SiO2 substrates with a 500-nm-thick SiO2 layer were 
etched in hydrogen plasma for approximately 6 min without introducing CH4 into the 
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chamber, corresponding to a null growth time. Fig. 4.2 shows FESEM images of the 
etched substrates. A gray-scale contrast boundary is clearly evident in Fig. 4.2(a) located 
at the corner edge of the substrate and demarcates a region that has been significantly 
etched (darker region) as compared to the substrate‘s center (lighter region), where 
substrate etching occurs at a slower rate. Fig. 4.2(b) shows a close-up of the boundary 
between the dark and light regions. At the boundary, the lateral size of the localized 
etched oxidized silicon (EOS) features range from tens of nanometers to several 
micrometers. These EOS features were further studied using AFM imaging. Fig. 4.3 
shows the results of parallel AFM studies which reveal a local roughening of the 
substrate with clearly identifiable nanoscale trenches or fissures emanating in a roughly 
radial direction from a central point. AFM images of several EOS features indicate that 
the overall height can be a few hundred nanometers above the surrounding substrate. 
  
Figure 4.2. Surface morphologies of etched SiO2/Si after the hydrogen plasma etching 
before GP growth. (a) SiO2/Si boundary showing an advancing etch front (arrow 





Figure 4.3. AFM images of a micrometer-size EOS feature on the etched SiO2/Si 
substrate. (a) Top-view (b) 3-dimensional, perspective view. Trenches or fissures in the 
EOS feature are clearly apparent.  
 
The formation of these localized EOS features is directly attributed to exposure to 
the hydrogen plasma. The edge of the substrate couples strongly to the plasma, producing 
a region with an enhanced electric field, causing the formation of a plasma sheath. The 
nature of the sheath depends on various parameters including the geometry of the 
substrate, its position inside the chamber, ionizing species in the plasma, the background 
pressure, and the plasma power. As shown in Fig. 4.1, the substrate is electrically isolated 
from ground, and hence acts as an electrically floating object immersed in the plasma. 
During hydrogen plasma etching, two processes occur in parallel. The first is an erosion 
of material from the SiO2/plasma interface, causing a gradual reduction of the SiO2 
thickness. The second process is the diffusion of hydrogen atoms from the plasma 
through the oxide layer, causing an aggregation of H at the Si/SiO2 interface. The 
localized trench-like surface morphologies observed in Figs. 4.2 and 4.3 are assumed to 
result from reactions such as: 
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                           2SiO2 + 2H → SiO (gas) + SiO2-x + (x/2)O2 + H2O (gas)                    (4.1) 
which describes a process in which hot SiO and H2O vapor escape from the SiO2 
substrate, causing a localized swelling across the surface [291-294]. This reaction 
accelerates in regions where the electric field is relatively high (e.g., the edge of an 
oxidized silicon substrate) and gradually consumes the entire substrate as the etch front 
moves away from the substrate edges. Because of the release of SiO and H2O vapor, 
radial-like trenches or fissures dominate the surface of EOS features. 
Because of the local electric field gradient from the edge to the center of the 
substrate, we expect that hydrogen plasma etching will be less prevalent in the middle 
regions of the substrate. As a result, EOS features of nanometer size with lower densities 
should predominate for short etch times. Upon introduction of a carbon source (methane) 
to the plasma, carbonaceous material will deposit on the substrate and undergo 
subsequent surface diffusion. The nanoscale trenches in the EOS features will efficiently 
trap diffusing carbon atoms, thus forming preferential sites for carbon aggregation. 
Carbon aggregation, along with direct carbon deposition onto the EOS regions, ultimately 
becomes the controlling process for nucleation of fast growing GPs, as discussed below. 
4.4.2 Formation of Carbon-rich Nanoscale Cones   
Focusing on GPs grown in the middle region of the oxidized silicon substrate 
enables a better understanding of the GP growth mechanism. A SiO2/Si substrate with a 
500-nm-thick SiO2 top layer was placed inside the MPCVD chamber, and the plasma 
power was slowly ramped from 300 W to 700 W before introducing CH4 at a flow rate of 
10 sccm to initiate GP growth for 15 min at a plasma power of 700 W.  Fig. 4.4 shows 
tilted side-view and top-view SEM images from the middle region of the substrate 
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subjected to these conditions. The emergence of nanoscale cone-like features with 
diameters ranging from 50 nm to a few 100 nm is clearly evident. 
 
Figure 4.4. FESEM images of nanoscale cones observed in the middle regions of the substrate after a 
growth time of 15 min for a plasma power of 700 W. (a) Side-view; (b) top-view. 
 
Elemental mapping and HRTEM characterization (see Fig. 4.5) elucidate the 
chemical composition and structure of these nanocones. Fig. 4.5(a) – 4.5(d) contain a 
bright field TEM image, silicon map, oxygen map and carbon map, respectively, of a thin 
slice cut from a representative nanocone. The silicon map in Fig. 4.5(b) clearly shows the 
extent of the silicon substrate used in these experiments. The oxygen map in Fig. 4.5(c) 
shows the extent of the SiO2 layer, indicating clearly that the core of the nanocone is SiO2. 
The original SiO2 layer thickness was 500 nm. After hydrogen plasma etching and 
roughening, the SiO2 layer is reduced to roughly 150 nm in thickness. The carbon map in 
Fig. 4.5(d) shows a thin (~20 nm) carbon film conformally covering the surface of the 
sample. Interestingly, a bright region observed on the nanocone (marked by an arrow) 
indicates a locally enhanced concentration of carbon atoms. This bright region indicates 
where the rapid growth of a GP is likely to occur. Further HRTEM characterization of the 
SiO2/C interface layer (Figs. 4.5(e)) confirms that the carbon film covering the surface of 
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the nanocone is graphitic with interlayer spacing of 0.35 nm. The black smudges seen in 
Fig. 4.5(e) are Pt nanoparticles used to attach the sample during sample preparation. 
     
   
Figure 4.5. High resolution TEM and electron energy loss spectroscopy (EELS) 
characterization of a thin slice cut from a nanocone. (a) A bright field TEM image of a 
thin slice taken across a nanocone. Elemental mapping shows the spatial distribution of 
mapped elements. (b) – (d) Silicon, oxygen, and carbon maps, respectively. (e) HRTEM 
image of the SiO2/C interface of the nanocone indicates the graphitic nature of the C 
layers with an interlayer distance of 0.35 nm. The dark spots in the image correspond to a 
Pt protection layer deposited during sample preparation. 
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Thus, we can conclude that the chemical composition of nanocones caused by the 
plasma etching is as expected based on the starting chemical composition of the substrate. 
Furthermore, a ~20 nm thick C layer conformally coats the SiO2 nanocone and shows 
evidence for the formation of graphitic layers. All these findings are consistent with the 
conclusion that nanocones form preferential sites for C aggregation and lead to the rapid 
growth of GP at later stages. 
 
4.4.3 Rapid Growth of Graphitized Petals   
The growth of GPs has been studied on oxidized silicon substrates which initially 
have a 500-nm-thick SiO2 layer. In what follows, the GPs that grow for 15 min under a 
plasma power of 700 W are studied in further detail. Fig. 4.6 shows side-view FESEM 
images of GPs emerging from nanoscale cones. Clearly the growth is highly non-uniform 
across the substrate since the GPs are found to emerge from select regions of only a few 
nanoscale cones that for some reason strongly favor upward growth. The cone angles 
maintain nearly the same to possibly minimize the surface tension during the etching 
process. Contributing factors to this highly inhomogeneous growth environment are local 
electric fields, varying carbon deposition rates, and microscopic cone geometry. It seems 
clear that once conditions are favorable for GP growth, rapid emergence of a localized 
GP can result. 
Fig. 4.6(a) shows nanoscale cones and GPs at a relatively large scale. Figs. 4.6(b) – 
(d) show FESEM images of individual nanoscale cones from which GPs emerge.  In Fig. 
4.6(b), a GP grows along a radial direction from the cone axis. Fig. 4.6(c) shows a GP in 
the shape of a horn growing from a nanoscale cone decorated with visible trenches or 
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fissures. The conical horn GP has a subtended interior cone angle of approximately 60° 
[295]. The outer edge of the horn is not smooth, but clearly faceted. Fig. 4.6(d) shows 





Figure 4.6. Side-view FESEM images of GPs grown for 15 min in a plasma with a power 
of 700 W. (a) Nanoscale cones at low magnification that illustrate the localized, rapid 
growth of a few GPs as well as smaller, surroundings GPs which grow at a considerable 
slower rate. (b) An FESEM image of a large GP emerging radially from a single 
nanoscale cone. (c) A GP growing in the shape of a nano horn. (d) A large, thin GP 









Figure 4.7. Top-view FESEM images of GPs grown for 15 min in a plasma power of 700 
W. (a) Top-view of a cluster of ~12 nanoscale cones. Only one nanocone supports the 
growth of a GP which resembles the letter ‗P‘.  (b) A region of the substrate where 
smaller GPs are found in close proximity to cones where larger GPs emerge. (c) and (d) 
The nucleation and growth of GPs with a distribution of sizes from the same nanocone.  
 
Fig. 4.7 shows top-view FESEM images of rapidly growing GPs emerging from 
individual nanoscale cones. These images clearly demonstrate that the rapidly growing 
GPs are confined to the cones. Slower growing GPs appear primarily in the flat areas 
between the nanocones. Some cones are decorated with a few large GPs, while others 
show a distribution of GP sizes. 
4.4.4 Characterization of the Graphitized Petals 
Raman spectroscopy is often used to characterize the graphitic nature of the GPs. 




known to result from various types of defects and anomalies of transverse optical 
vibrations near the K-point. The G peak at 1580 cm
-1 
arises because of the doubly 
degenerate zone center E2g mode. The 2D band at 2700 cm
-1 
is due to intervalley zone-
boundary transverse optical phonon scattering. This peak consists of multiple sub-peaks 
and is difficult to analyze quantitatively if there are more than 5 graphitic layers. 
Fig. 4.8 shows the Raman data from GPs for different growth times of 1 min, 5 min 
and 15 min. The ID/IG and I2D/ IG ratios calculated from Fig. 4.8 for 5 min of growth are 
0.38 and 0.65, respectively; those for 15 min of growth are 0.25 and 0.56, respectively. 
The decreasing presence of defects with growth time suggests that increasingly graphitic 
GPs are produced over time [271, 296]. 
Figure 4.8. Raman spectra of GPs prepared for 1min, 5 min and 15 min. 
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The atomic structures of the GPs were also investigated using HRTEM. Fig. 4.9(a) 
shows a representative TEM image of as-grown GPs. The left-most edge of this 
micrograph provides evidence for thin nanosheets. Fig. 4.9(b) shows a HRTEM image of 
a cross-section through a thin GP. The micrograph indicates that the petal is comprised of 
between 4 to 7 layers of graphene with a planar lattice spacing of approximately 0.35 nm. 
 
Figure 4.9. (a) A TEM image of an as-grown GP. (b) A high-resolution TEM image of 
the GP. 
 
4.4.5 Graphite Petal Growth as Function of Time 
In order to understand the nucleation and growth mechanism of GPs further, 
identical substrates were studied after different growth times in the 700 W plasma (1, 7, 
10, 20 min), keeping all other parameters the same. Top-view FESEM images in Fig. 
4.10 reveal the evolution of nanoscale cones and GPs throughout the growth process. Fig. 
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4.10(a) shows the substrate after 1 min of growth, when carbon deposits form 
nanoislands across the entire surface of the substrate; the same situation is observed in the 
case of growth for 30 s (not shown here). No GPs are observed for these short times, but 
the nanoislands are thought to be nucleation sites of GPs on Si substrates [297]. Fig. 
4.10(b) shows the emergence of GPs after 7 min of growth. Large GPs clearly emerge 
from individual nanoscale cones. Fig. 4.10(c) shows the substrate after 10 min of growth. 
The co-existence of the smaller and larger GPs is now clearly evident. Fig. 4.10(d) shows 




Figure 4.10. GP growth for different durations (a) 1 min of growth, when carbon deposits 
form nanoislands across the entire surface of the substrate, (b) 7 min of growth, when 
large GPs clearly emerge from nanoscale cones, (c) 10 min of growth, when the co-
existence of the smaller and larger GPs appears and (d) 20 min of growth, when a full 
coverage of GPs fills the entire surface of the substrate.  
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These images support a mechanism whereby the oxidized silicon substrate is 
roughened by plasma etching while carbon is deposited on the substrate. Carbon diffuses 
across the substrate while preferential trapping occurs in localized EOS features. This 
leads to preferential GP growth from nanoscale cones during the initial stages of the 
growth process. As time increases, significant carbon diffusion across the entire substrate 
feeds the growth of GPs everywhere on the substrate, leading to a dense coverage of GPs. 
4.4.6 Effect of Plasma Power 
To understand the influence of plasma power in the formation of GPs, 
experiments were performed in which the plasma power was varied, while fixing all other 
growth conditions. Fig. 4.11 shows top-view FESEM images of the GPs observed with 
two different plasma powers (300 W, 700 W) but the same growth time (7 min). As 
expected, GPs decorate the nanoscale cones (see the marked boundaries of a nanocone in 
Fig. 4.11(a)) for a plasma power of 700 W. However, no nanoscale cones are observed on 
the substrates (even at the edge of the substrates) when the plasma power is reduced to 
300 W (see Fig. 4.11(b)). Instead, GPs emerge from fine-textured structures on the SiO2 
substrates in a manner reminiscent of the results reported in Ref. [272]. The fact that no 
nanoscale cones were observed for low plasma power suggests that plasma power 
intensity is an important factor in the formation of the nanoscale cones. 
The plasma power directly influences two growth parameters: i) the final 
temperature of the substrate and ii) the intensity of electric field above the substrate. A 
low plasma power results in a lower temperature on the surface, which reduces the 
diffusion rate of the carbon atoms and thus reduces the growth rate of GPs. Evidently, the 
lower power also reduces the possibility of forming nanoscale cones. A low electric field 
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leads reduces hydrogen plasma etching, which in turn hinders EOS formation and thus 
the formation of well-defined nanoscale cones. Eventually, GPs grow from the irregular 
and roughened SiO2 surface due to the partial etching produced by the low-power 
hydrogen plasma, as shown in Fig. 4.11(b). 
  
Figure 4.11. Top-view FESEM images of GPs prepared on the oxidized silicon substrates 
at (a) 700 W, (b) 300 W both for 7 min. 
 
4.4.7 Effect of Substrate Composition 
Similar experiments have been performed on different substrates such as Ti/Si, Ni 
foil, and Cu foil in order to investigate whether similar nanocone formation occurs. 
Although all substrates produced GPs, no nanoscale cones were observed on these 
substrates (even for a high plasma power of 700 W) during early-stage GP growth. We 
conclude that the silicon dioxide layer and the high plasma power are primarily 
responsible for the formation of these nanoscale cone features. 
4.4.8 Controlling Graphitic Petal Growth   
The local growth of GPs is largely uncontrolled in the present process, occurring at 
random locations across a substrate. Different GPs grow at different rates, even though 
separated one from another by only a fraction of a micrometer. To take advantage of the 
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GP material properties, improved control of the growth process is needed. To this end, 
we highlight three processes that are all important to GP growth: 
I. Carbon species that are directly adsorbed onto the outermost edge of GPs are 
most likely for rapid GP growth. This process requires an enhanced electric 
field in the plasma, due in part to the high aspect ratio of the GPs. Direct 
deposition of carbon material onto a petal edge and incorporation into an 
emerging petal allows for rapid GP vertical growth.  
II. Carbon can also fall directly onto the substrate due to decomposition of CH4 
in the plasma. While the rate of carbon deposition may be uneven due to a 
variety of factors (e.g., a shadowing effect produced by larger growing petals 
(see Fig. 4.7(b)), the deposited carbon will randomly diffuse until a GP 
nucleation site is encountered.  
III. Carbon may be continually etched by the plasma, either from the uppermost 
edge of a GP or from the substrate itself.  This point emphasizes the diversity 
of phenomena caused by the presence of hydrogen: i) as an etchant to remove 
amorphous carbon, ii) as a promoter of crystalline graphite by removing 
secondary nuclei that might interfere with GP growth, and iii) by eliminating 
cross-linking of carbon at free edges of growing GPs, thus preventing 
excessive edge thickening [273]. 
Expanding on Eq. 4.1, the following chemical reactions seem likely to occur on a 
nanoscale cone at elevated local temperatures: 
3SiO2 + 4C + 2H → SiO (gas) + SiO2-x + (x/2) O2 + CO2 + SiC (amorphous) + C 
(amorphous) + C (reacted) + H2O (gas).                                                               (4.2)  
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In writing Eq. 4.2, we attempt to identify subtle differences in C atoms present 
and distinguish between amorphous (unreacted) C and C that has reacted to form a 
variety of species such as C clusters and C nanoparticles. The presence of SiC is 
motivated by an XPS study that characterized the initial stages of few-layer graphene 
growth on Si (100) wafers using a microwave plasma-enhanced chemical vapor 
deposition system with conditions similar to those used in our study [285]. Analysis of 
the XPS spectrum collected as a function of deposition time clearly indicates a three-step 
process in which first a SiC layer is formed on the silicon, followed by an amorphous 
carbon layer which is then subsequently covered by few-layer graphene flakes. 
Throughout the process, the presence of SiC is important because it serves as a catalyst 
that facilitates the growth of carbon, either through precipitation and/or SiC 
decomposition. 
We believe that GPs originate from the unreacted C species only, since once 
reacted to form C clusters, the C will exhibit a much reduced diffusion coefficient. The 
local environment encountered by unreacted C is capable (under the proper set of 
conditions) of  transforming amorphous carbon to ordered, graphitic-like carbon sheets 
that take the form of GPs. We have demonstrated that during the initial period of growth 
on an oxidized Si substrate, GPs grow rapidly from nanoscale cones. This observation 
complements the reports that GP growth is seeded by a graphitic base layer that forms 
parallel to the substrate, followed by irregular cracks that develop over its entire surface 
[284, 285]. From the results of our studies, we contend that such a mechanism is 
responsible for the slow growth of GPs in a roughly uniform way across the substrate. 
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Our work indicates that wherever nanoscale cones are formed, a very local 
enhanced decomposition of hydrocarbons into deposited C results, possibly due to the 
local enhancement of the electric field. Because C accumulate more rapidly on the 
conical structures as compared to flat regions of the substrate, the likelihood increases 
that precipitated C self-assembles on substrate features that promote multiple sets of 
graphitic planes that then rapidly emerge as vertically oriented GPs. 
These insights suggest that by controlling the formation of nanocones, the rapid 
emergence of GPs can be patterned onto flat substrates in a prescribed way.  If the 
mechanism discussed above is correct, one way to control the growth and formation of 
nanocones is to intentionally roughen a silicon substrate by inscribing a scratch in the 
500-nm-thick oxide layer.  The scratch will provide many sites that will seed the rapid 
growth of GPs. 
Fig. 4.12 displays top-view and side-view FESEM images of a scratched substrate 
in an attempt to produce the controlled growth of nanocones and GPs. Fig. 4.12(a) shows 
three lightly scribed scratches in a Si substrate at low magnification after 6 min of growth 
at 700 W plasma power. Fig. 4.12(b) shows a magnified top-view image of one scratched 
area in Fig. 4.12(a) (indicated by the rectangular box) where preferential GP growth is 
clearly evident. Fig. 4.12(c) is a magnified image of Fig. 4.12(b) showing that the GPs 
are seeded by the formation of nanocones (see arrow). Fig. 4.12(d) is a typical cross-
sectional FESEM image of a wafer edge that was produced by cleaving the substrate 
perpendicular to a scratched line. Fig. 4.12(d) indicates a reduced oxide layer thickness in 
the scratched area of ~250 nm after the hydrogen plasma etching during the growth 
process. Cross-sectional SEM images of other scratched lines reveal reduced oxide layer 
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thicknesses in the range of 150 to 300 nm. The roughened surfaces in these cross-
sectional images further corroborate the contention that GPs grow from nano cones, in 
agreement with the top-view SEM characterization in Fig. 4.12(c). Further experiments 
show that preferential GP growth is confined to all scratched lines we have tested to date. 
 
  
Figure 4.12. Controlled formation of nanocones and GPs by a simple scratch on a silicon 
substrate with a 500-nm-thick oxide layer. (a) A low magnification image illustrating 
three scratched lines. (b) A top-view high magnification image of the boxed region of (a). 
The confined growth of GP is evident. (c) Evidence for nanocone growth. (d) A cross-
sectional SEM image of a substrate cleaved perpendicular to a scratched line. The image 
shows a reduced oxide layer thickness, the presence of nanocones, and the growth of GPs. 
 
4.5 Conclusions 
In this paper, we report the growth of GPs on oxidized silicon substrates by the 
dissociation of methane in a MPCVD chamber. An important feature of this work is the 
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observation of rapidly growing GPs from nanometer-sized surface features called 
nanocones. We have demonstrated that under low plasma power, nanoscale cones do not 
form. We conclude that the formation of nanoscale cones is promoted by the etching of 
the oxidized silicon substrate in the high-power plasma MPCVD environment. 
Taking advantage of the high aspect ratio of the GPs and by varying the growth 
time, it is possible to identify a mechanism that explains the rapid growth of GPs from 
nanocones. Essentially, there are two possible sources for C, leading to two different 
growth processes of the GPs: (i) a rapid growth mechanism from the top of a GP which is 
dominated by C species from the decomposition of CH4, and (ii) a slower growth from 
the side of a GP which is governed by the precipitation and diffusion of carbon atoms 
from the substrate, forming multiple layers and thus allowing the GPs to grow in 
thickness as well as vertical height.  There is also an inherent self-limiting aspect to the 
growth process. When smaller petals merge to form a larger interconnected network, the 
resultant petal structure forms an electrostatic equipotential surface, reducing the effect of 
the inhomogeneous, local electric field distribution, leading to a more uniform growth of 
GPs. The growth mechanism proposed in this paper draws from and generalizes those 
previously reported and forms a basis for future numerical simulations of the nucleation 
of vertical GPs. 
With the insights derived from our understanding of GP growth, it is possible to 
develop techniques to control and confine the growth of GPs on flat substrates. Such a 
processing step is required if the desirable properties of this high surface area form of C 
are to be utilized in practical applications. The key to controlling the rapid growth of GPs 
can be achieved by producing localized rough regions on a flat Si wafer. One way to 
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accomplish this goal is to create a pattern of lines scratched into a SiO2 layer. In this 
study, these lines were produced using a simple scribing tool. After scratching the oxide 
layer and subjecting the substrate to MPCVD growth conditions, highly localized regions 
of GPs were in fact observed to grow in patterned lines on the flat substrate.  In more 
advanced applications, one can imagine that complex patterns can be generated at the 
nanoscale using a diamond tip mounted to a microcantilever rastered across a substrate 
by a controller operating a contact mode AFM. We expect this simple patterning 
technique will allow the controlled growth of GPs on oxidized silicon substrates for many 
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5.1 Abstract 
Hybrid manganese dioxide/graphitic petal structures grown on carbon nanotube 
substrates are shown to achieve high specific capacitance, energy density, power density, 
and long cycle life for flexible supercapacitor applications. Vertical nanoscale graphitic 
petals were prepared by microwave plasma chemical vapour deposition on commercial 
carbon nanotube substrates and subsequently coated with a thin layer of MnO2. The 
graphitic petal/carbon nanotube architecture without any binder provides an efficient 
scaffold for maximizing the electrochemical performance of MnO2. A specific 
capacitance (based on the mass of MnO2) of 580 F g
-1
 is obtained at a scan rate of 2 mV 
s
-1
 in 1 M Na2SO4 aqueous electrolyte. The energy density and power density at 50 A g
-1
 
are 28 Wh kg
-1
 and 25 kW kg
-1
, respectively. In addition, the composite electrode shows 
excellent long-term cyclic stability (less than 10% decrease in specific capacitance after 
1000 cycles) while maintaining a small internal resistance. Parallel density functional 
studies were performed to investigate the stability and electronic structure of the 
                                                 
2 Content in this chapter is reproduced from Ref. [31] with the permission of Elsevier. 
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MnO2/graphene interface. Taken together, the work indicates the MnO2/graphitic 
petal/carbon nanotube composite is a promising electrode material for high-performance 
supercapacitors. 
5.2 Introduction 
Electrochemical capacitors (ECs), known as supercapacitors or ultracapacitors, 
with high power density, fast power delivery and long cycle life, promise to complement 
or even replace batteries in energy storage applications such as uninterruptible back-up 
power supplies, load-leveling, portable electronics, hybrid electronic vehicles and 
renewable energy systems [2, 3]. To achieve high power and high energy density, 
suitable electrode materials are required to undergo fast reversible redox reactions. Metal 
oxides (e.g., MnO2 [298], RuO2 [299], VO [300], Fe2O3 [301]) offer high 
pseudocapacitance through fast and reversible redox reactions near the surface of active 
materials. Because of its high specific capacitance (720 F g
-1
) [299], RuO2 is one of the 
most promising candidates for ECs. However, commercialization of RuO2 is unlikely 
because of its high material cost, which derives from the scarcity of Ru. Conversely, 
MnO2, with low cost, low toxicity, and most importantly high theoretical specific 
capacitance (~1370 F g
-1
) [51] has attracted much attention as a pseudocapacitive 






) and its 
tendency to function capacitively in thin surface layers create practical challenges to 
realizing its high theoretical capacitance [51]. Nonetheless, numerous studies aimed at 
realizing favorable new microstructures on MnO2-based composites for use as electrodes 
have been reported on both flexible and rigid substrates [38, 134, 165-167, 302-305]. 
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Carbon materials (e.g., carbon nanotubes [40, 298], carbon fibres [306], activated 
carbon [307], graphene [71, 87, 308]) are widely studied as supercapacitor electrodes due 
to high specific area, high conductivity and low mass density. Among these, vertical 
graphene nanosheets or graphitic petals (GPs) directly grown on carbon cloth or Ni foil 
without any binder have shown promising results as active electrode materials in ECs 
[188-190]. However, to date, this highly conductive and two-dimensional (2-D) carbon 
nanosheet structure as a nanotemplate has not yet been systematically studied and 
optimized to exploit the electrochemical properties of the pseudocapacitive materials (e.g., 
metal oxide). 
In this paper, we report the EC performance of vertical GPs grown by microwave 
plasma chemical vapor deposition (MPCVD) on flexible commercial buckypaper (BP). 
The BP provides a light, flexible, and mechanically robust substrate for GP growth. This 
substrate, when coated with a thin MnO2 layer, forms an architecture referred to as a 
MnO2/GP/BP composite electrode. The GP/BP architecture offers an effective scaffold 
for exploiting the outstanding electrochemical behavior of MnO2, realizing high energy 
and power density characteristics for electrochemical supercapacitor applications. 
Density functional theory (DFT) calculations were carried out to provide further 
insight on the interfacial electrical nature of the MnO2 on the surface of GPs. The DFT 
results show a MnO2/graphene interface capable of electron transport during the 
charge/discharge process. 
5.3 Experimental 
The MPCVD system used for synthesis of GPs in this study has been previously 
described in Chapter 4. To our best knowledge, the formation of petals requires a plasma 
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environment, and this need likely explains the limited prior work on GPs for 
electrochemical storage, as non-plasma CVD of planar graphene is a much more common 
and inexpensive laboratory method. Briefly, the plasma source consists of a 2.45 GHz 
frequency microwave power supply with variable power. Commercial buckypaper 
(Nanocomp Technologies, Inc., USA), washed in 6 M HNO3 for 15 min to eliminate the 
residuals and surfactant before GP growth, was used as a substrate to grow GPs. The 
substrates, elevated 9 mm above a Mo puck by ceramic spacers, were subjected to 
MPCVD conditions of H2 (50 sccm) and CH4 (10 sccm) as the primary feed gases at 30 
Torr total pressure. The substrates were initially exposed to hydrogen plasma for 
approximately 2 min, during which the plasma power gradually increased from 300 W to 
600 W. The GP growth duration was 20 min. The typical dimensions of the samples were 
15 mm × 5 mm. 
To make GP/BP composites suitable for electrochemical electrodes prior to MnO2 
coating or electrochemical measurement, concentrated H2SO4 and HNO3 (volume ratio 
3:1) were used to functionalize the surface of GPs at 50°C for 2 hours in an oven. The 
samples were then washed in deionized water and dried at 100°C overnight. A neutral 
precursor solution (pH 7) for the MnO2 coating process was prepared by mixing 0.1 M 
Na2SO4 (Alfa Aesar) and 0.1 M KMnO4 (Alfa Aesar) solutions. The GPs grown on BP 
were immersed into the solution, which was kept at 80°C in an oven for 40 min. The 
loading amount can be easily controlled by adjusting the immersion time. The sample 
was then rinsed with deionized water and subsequently annealed at 200°C for 3 hours 
using a hotplate in air. The mass of coated MnO2 was calculated from the weight 
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difference before and after the coating process. The loading amount of MnO2 in this 
study is approximately 110 µg, measured using a microbalance with an accuracy of 1 µg. 
The electrochemical performance of the MnO2/GP/BP hybrid structure was 
evaluated using a BASi Epsilon electrochemical system (Bioanalytical Systems Inc., 
Indiana, USA). The standard three-electrode cell consisted of Ag/AgCl as the reference 
electrode, Pt mesh as the counter electrode and the synthesized composite sample as the 
working electrode. A 1 M Na2SO4 solution served as the electrolyte at room temperature. 
Scan rates of 2, 5, 10, 20, 50, and 100 mV s
-1
 were employed for cyclic voltammetry, and 
charge/discharge measurements were carried out at different current densities of 5, 10, 20, 
30, 40 and 50 A g
-1
. Long-term cyclic stability of the composite electrodes was evaluated 
repeatedly at 100 mV s
-1
 for 1000 cycles. A potential window in the range from 0 to 0.8 
V was used in all measurements. A Hitachi S-4800 field emission scanning electron 
microscope (FESEM) was used to image the surface morphology of all the samples. 
Throughout this study, multiple samples were prepared under identical conditions 
to test for reproducibility of the processing conditions. CV data acquired from the 
multiple samples could be reproduced to within ± 5%. In what follows, we present the 
best results chosen from the sample set. 
5.4 Modeling 
To understand the electronic structure of the MnO2/GP composite, we have 
simulated large clusters of (4×2) MnO2 on a graphene supercell (6×6) using density 
function theory (DFT).  Although in real cases the MnO2 structure displays diverse 
conformations with edge- and corner-sharing MnO6 possessing various pore sizes [309-
313], with a distribution of Mn cations among the network of oxygen atoms, we 
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employed the simplest configuration. Electronic structure calculations were carried out 
by DFT with the plane-wave self-consistent field (PWSCF) code [314]. The generalized 
gradient approximation (GGA) [315] was implemented to estimate the exchange 
correlation energy of electrons. Ultrasoft pseudopotentials [316] were used to represent 
the interaction between ionic cores and valence electrons. Kohn-Sham wave functions 
were represented with a plane-wave basis using an energy cutoff of 40 Ry and charge 
density cutoff of 240 Ry [317]. A uniform mesh of k points (5 × 5 × 1) was taken for 
integration over the Brillouin zone [318]. 
5.5 Results and Discussion 
SEM images of GPs synthesized by MPCVD are shown in Fig. 5.1(a). The petals 
extend approximately 500 nm from the BP surface, and the typical span width of a single 
unwrinkled 2-D petal ranges from 100 nm to 500 nm. The thickness of a GP can reach 
several nanometers, corresponding to less than 50 graphene layers. A magnified image of 
one petal marked by the rectangular box in Fig. 1a is shown in Fig. 5.1(b), revealing the 
smooth surfaces of the GPs. These surfaces provide easily accessible sites for MnO2 
coating. The crumpled structures of the vertical graphene sheets with both sides exposed 
to MnO2 precursor solution offer large specific area for coating. Fig. 5.1(c) shows the 
morphology of MnO2 coated on GPs. Fig. 5.1(d) contains a magnified image of the area 
marked by the rectangular box in Fig. 5.1(c), clearly showing a thin uniform layer of 
MnO2 on the smooth GP surfaces, even on the smaller petals. 
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Figure 5.1. SEM images of (a) graphitic petals. (b) A magnified image of graphitic petals 
showing smooth surfaces. (c) MnO2 coated on graphitic petals. (d) A magnified image of 
uniform MnO2 coating on graphitic petals. 
 
Previous studies [303, 319] suggest that MnO4
-
 ions can be reduced spontaneously 
to MnO2 on the surface of carbon nanotubes by oxidizing exterior carbon atoms via the 
following redox reaction: 
         4MnO4
-   





                                                     
(5.1) 
We believe that a similar mechanism applies here in the case of MnO2 coating on GP 
surfaces. Reduction of permanganate ion (MnO4
-
) to MnO2 on carbon is pH-dependent. 
Neutral pH solution leads to thin films of MnO2, while acidic solution can result in large 
agglomerated MnO2 particles [303]. Consequently, the thin film of MnO2 coated on GPs 
can be attributed to the neutral electrolyte used in this study.  
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Figure 5.2. (a) Cyclic voltammetry curves of the MnO2/GP/BP composites at different 
scan rates in 1 M Na2SO4 aqueous electrolyte. (b) Cyclic voltammetry curves of BP, 
GP/BP, MnO2/BP, and MnO2/GP/BP at 10 mV s
-1
. (c) Specific capacitances of 
MnO2/GP/BP (black), MnO2/BP (red), GP/BP (dark cyan) and BP (blue) at different scan 
rates. (d) Charge/discharge curve of MnO2/GP/BP at different current densities. (e) 
Ragone plot of the estimated specific energy and specific power at various current 




Figure 5.2. Continued.  
 
Figure 5.2(a) shows cyclic voltammetry (CV) curves of the MnO2/GP/BP 
composites at scan rates of 2, 5, 10, 20, 50, 100 mV s
-1
 in 1 M Na2SO4 aqueous solution 
with potential windows ranging from 0 to 0.8 V. The advantages of the unique 
electrochemical behaviours of MnO2/GP/BP electrodes are apparent in Fig. 5.2(b) which 
shows a comparison of CV curves for BP, GP/BP, MnO2/BP and MnO2/GP/BP at a fixed 
scan rate of 10 mV s
-1
. The shapes of these curves are quasi-rectangular, indicating the 
presence of electrical double-layer capacitance and pseudocapacitance. The MnO2-coated 
GP/BP architecture involves redox reactions in the cyclic voltammetry tests as Mn atoms 
are converted into higher/lower (IV/III) oxidation states. These conversions are induced 
by intercalation/extraction of H3O
+
 or alkali cations (Na
+
) to/from the MnO2 outer layer. 





   (MnOOX) surface









The average specific capacitance from CV curves was determined by [165]: 
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(5.3)
 
where C is the specific capacitance in F g
-1
, s is the scan rate in V s
-1
, M is the mass of the 
added MnO2 to the electrodes in g, Vh and Vl are high and low potential limits of the CV 
tests in V, I is the instantaneous current on CV curves, and V is the applied voltage (V). 
The specific capacitance of BP at a scan rate of 2 mV s
-1
 calculated from the CV curves is 
27 F g
-1
, which is comparable to reported values for CNTs [321]. The specific 
capacitance of GP/BP (based on total mass of the two components) calculated at 2 mV s
-1
 
is 47 F g
-1
, which is approximately 70% higher than that of bare BP. The same 
improvement (~70%) was also observed in H2SO4 electrolyte (results not shown here), 
indicating an inherent improvement in specific capacitance after GP growth on BP. This 
result is attributed to an increase in the specific area after growing GPs on the BP 
substrate coupled with electric field enhancement introduced by the sharp edges of the 
GPs. 
The specific capacitance of the MnO2/GP/BP composites was calculated based on 
the mass of pristine MnO2 for the following reasons: (i) The surface of carbon was coated 
with MnO2; consequently, the carbon materials would participate weakly in the charge 
storing process as charge is primarily stored at the outer layer of MnO2 through a Faradic 
reaction. (ii) The specific capacitances of BP and GP/BP are mainly of the electrostatic 
double-layer type and are far smaller than the specific capacitance of MnO2 caused by 
Faradic redox reactions, making it reasonable to calculate the specific capacitance based 
on the mass of pristine MnO2. 
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 Figure 5.2c shows comparative specific capacitances of BP, GP/BP, MnO2/BP 
and MnO2/GP/BP calculated from CV curves at voltage scan rates from 2 to 100 mV s
-1
. 
At a scan rate of 2 mV s
-1
, the specific capacitance of the MnO2/GP/BP hybrid composite 
reaches 580 F g
-1
 (based on the mass of pristine MnO2). The specific capacitance based 
on the overall mass (MnO2/GP/BP) at 2 mV s-1 is 218 F g-1, which is higher than that of 
a MnO2/BP composite [305]. The masses of the composite constituents through the 
integration process for a typical sample are provided in Table 5.1. At a high scan rate of 
100 mV s
-1
, the specific capacitance of MnO2/GP/BP still remains close to 320 F g
-1
, 
which is comparable to the rate performance reported elsewhere [38, 165, 166, 304]. 
However, for the same MnO2 coating time, the specific capacitance of MnO2/BP is only 
about 266 F g
-1
 (based on pristine MnO2) at 2 mV s
-1
 (see Fig. 5.2(c)). The superior rate 
capability of MnO2/GP/BP composites demonstrates the advantages of this new 
architecture of GP/BP as a highly conductive scaffold for maximizing the utilization of 
the practical electrochemical performance of MnO2. Since previous studies show that 
only a very thin layer of MnO2 is involved in the charge storage process [51], the specific 
capacitance of MnO2 coated on the supporting GP/BP can likely be further improved by 
optimizing the thickness of coated MnO2 layer. 
Table 5.1. Area-normalized composite constituent masses for a typical sample with 
Euclidean area of 75 mm
2
 measured by a microbalance with 1 µg accuracy. 
Samples BP GP+BP MnO2+GP+BP 
Mass (µg mm
−2) 5.08 6.56 10.2 
 
 Constant-current charge/discharge curves of the as-prepared MnO2/GP/BP hybrid 
structure at different current densities are shown in Fig. 5.2(d). The charge/discharge 
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curves display a symmetric shape, indicating that the structure has a good 
electrochemical capacitive characteristic. The specific capacitance derived from 




                                                                                                      
(5.4) 
where Id is the discharge current in A, and   is the slope of the discharge curve after the 
initial potential drop associated with the cell internal resistance (IR drop). The specific 
capacitances derived from the discharge curves agree well with the results calculated 
from CV measurements. At 5 A g
-1
, the calculated specific capacitance is 493 F g
-1
, 
which is almost identical to the specific capacitance 497 F g
-1
 calculated at 10 mV s
-1
, 
corresponding to an average current density close to 5 A g
-1
 (see Fig. 5. 2(b)). 
The energy density E (in Wh kg
-1
) and the power density P (in kW kg
-1
) are 
important parameters to characterize the electrochemical performance of supercapacitors. 

















where V is the applied voltage in volts and ∆t is the discharge time in seconds. Figure 5.2(e) 
shows the Ragone plot for the MnO2/GP/BP structured electrode at different current 
densities. At a high current density of 50 A g
-1
, the calculated energy density is 28 Wh 
kg
-1
, and the average power density is 25 kW kg
-1
. These values are more promising than 
the reported energy density (14.8 Wh kg
-1




electrodeposited MnO2 films on BP substrates [304], suggesting that the MnO2/GP/BP 
composite warrants further consideration as an electrode material in supercapacitor 
applications. 
Cycle lifetime is one of the most critical factors in supercapacitor applications. 
Typical issues facing MnO2-based electrodes in aqueous electrolyte include: mechanical 
expansion of MnO2 during ion insertion/desertion processes, MnO2 film detachment 
from electrode surfaces, and Mn dissolution into electrolyte [51, 320]. A cyclic stability 
test over 1000 cycles for the MnO2/GP/BP structured electrode at a scan rate of 100 mV 
s
-1
 was carried out in a potential window ranging from 0 to 0.8 V.  Fig. 5.2(f) shows the 
specific capacitance retention as a function of cycle number. The composite electrode 
shows less than 10% loss in specific capacitance after 1000 charge/discharge cycles, 
indicating good capacity retention. 
DFT simulations can help to elucidate the fundamental properties at interfaces 
between MnO2 and graphene, particularly in terms of lattice stability and electronic 
structure of the composite. A schematic diagram of MnO2 clusters and graphene (top 
view) is shown in Fig. 5.3(a). In this configuration, constrained relaxation was carried 
out (only atomic positions of the MnO2 are allowed to relax, with initially relaxed 
graphene). The MnO2/GP composite is relaxed with energy converged to less than 2 kcal 
mol
-1
. The formation energy of the composite is calculated to be 128 kcal mol
-1
, 
suggesting covalent bonding between MnO2 and graphene. During the charge/discharge 
process, we expect the composite to undergo compressive/tensile stresses. To mimic the 
phenomena, we have simulated the structure with various pressure values in the 
supercell. From the electronic density of states, the composite exhibits metallic 
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behaviour (finite density of states at EF) in both cases, and this metallic state changes 
little with different stresses as shown in Fig. 5.3(b), where different negative/positive 
pressures are used to mimic compressive/tensile stresses. We note that the present case 
of a thin MnO2 layer on graphene is quite different from bulk MnO2 and a graphitic 
interface, for which further complexities arise. The comparative electronic density of 
states of graphene, MnO2 and MnO2/graphene (the most stable structure) are shown in 
Fig. 5.3(c). 
The low interfacial resistance achieved in the MnO2/GP/BP electrode is a matter 
of interest, and we use the results of DFT calculations to provide further insight into this 
result.  The iso-electronic charge contour plot drawn in Fig. 5.3(d) is a two-dimensional 
cut of the charge density in a vertical plane that contains the yellow line drawn parallel 
to the zig-zag direction as shown in Fig. 5.3(a). This vertical plane was chosen to 
highlight the redistribution of charge from the graphene layer toward the oxygen atoms 
in MnO2. Further iso-electronic contour plots in different planes are provided in the 
supplementary information. From these plots, we infer that charge transfer at the 
graphene-MnO2 interface is facilitated by the oxygen atoms in the MnO2 complex, 
providing some understanding for the low interfacial resistance experienced by electron 
transport through the composite interface. Without this conduction channel, charge 




Figure 5.3. (a) Schematic diagram of MnO2 clusters and graphene (top view); (b) 
Electronic density of states under compressive/tensile stresses (c) The comparative 
electronic density of states of graphene, MnO2 and MnO2/graphene; (d) Iso-electronic 
charge contour plot shown at a particular plane (indicated by the yellow line from the top 
view in (a), perpendicular to the graphene plane and along a zig-zag direction) with 
electronic charge distribution at MnO2/graphene interface. These structures were 
visualized by xcrysden computer graphic tool [322].  
 
5.6 Conclusions 
A new structure of MnO2/GP/BP has been demonstrated for flexible 
supercapacitor electrodes, showing promising electrochemical behavior. The GP/BP 
architecture without any binder provides an efficient scaffold for maximizing the 
practical electrochemical performance of MnO2, realizing high specific capacitance, 
excellent rate capability and long-term cycle life, high energy density and high power 
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density. The metallic nature of the MnO2/GP composite provides a facile conduction 
path for electron transport in the charge/discharge process. These results suggest that 
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6.1 Abstract 
The charge storage characteristics of a composite nanoarchitecture with a highly 
functional 3-dimensional morphology are reported. The electrodes are formed by the 
electropolymerization of aniline monomers into a nanometer-thick polyaniline (PANI) 
film that conformally coats graphitic petals (GPs) grown by microwave plasma chemical 
vapor deposition (MPCVD) on conductive carbon cloth (CC). The hybrid CC/GPs/PANI 
electrodes yield results near the theoretical maximum capacitance for PANI of 2000 F/g 
(based on PANI mass) and a large area-normalized specific capacitance of approx. 2.6 
                                                 
3 Content in this chapter (including supporting information in Appendix C) is reproduced from Ref. [323] 








at a low current 
density of 1
 
A/g (based on PANI mass). The specific capacitances remain above 1200 
F/g (based on PANI mass) for currents up to 100 A/g with correspondingly high area-
normalized values. The hybrid electrodes also exhibit a high rate capability with an 
energy density of 110 Wh/kg and a maximum power density of 265 kW/kg at a current 
density of 100 A/g. Long-term cyclic stability is good (approx. 7% loss of initial 
capacitance after 2000 cycles), with coulombic efficiencies > 99%. Moreover, prototype 
all-solid-state flexible supercapacitors fabricated from these hybrid electrodes exhibit 
excellent energy storage performance. Such attractive performance indicates that these 
nanocomposite electrodes are promising candidates for next generation high-
performance supercapacitors. 
6.2 Introduction 
In order to satisfy the requirements of today‘s portable electronic devices, 
sustainable and renewable power sources such as supercapacitors and batteries must be 
designed and fabricated to be small, thin, lightweight, environmentally friendly and even 
flexible [3, 83, 173, 324, 325]. Electrochemical capacitors (ECs), also known as 
supercapacitors or ultracapacitors, have become promising candidates for next 
generation high-performance power devices because of their high power density, fast 
power delivery or uptake, and excellent cycle-to-cycle stability.  
Electrically conducting polymers (ECPs), such as polyaniline (PANI) [185, 326-
328], polypyrrole (PPy) [329], and polythiophene (PTP) [164], are commonly used as 
pseudocapacitive materials to augment energy and power density. Among them, PANI 
has attracted particular interest because of its high theoretical specific capacitance (2000 
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F/g) [36], high degree of processability, chemical stability in air, and favourable 
electrochemical characteristics [330]. In addition, PANI can be synthesized in different 
morphologies (e.g., films [39], nanofibers [57], arrays [331]) on a wide range of 
substrates. Despite its high theoretical capacitance, reported experimental results for 
PANI fall far short of the ideal because of relatively low conductivities and limited mass 
transport rates of anions [36]. Consequently PANI is typically coated on conductive 
templates with high specific surface area to fully exploit its beneficial electrochemical 
properties. Various porous carbon materials (e.g., carbon cloth [57], activated carbon 
[332], mesoporous carbon [185], and carbon nanotubes [39, 40]) have been studied as 
conductive templates. 
Graphene, a prominent carbon nanomaterial with unique properties, has been 
combined with PANI to fabricate composites by in situ chemical or electrochemical 
polymerization and self-assembly [110, 112, 113, 333-335]. In most prior work, reduced 
graphene oxide was used as a template for PANI nanostructures. A free-standing, 
chemically-converted graphene/PANI nanofiber composite was synthesized through 
vacuum filtration of suspensions of the two components. The electrodes show good 
specific capacitance of 160 F/cm
3
, but poor cyclic stability (21% loss after 800 cycles) 
[112]. A reduced graphene oxide/PANI composite was synthesized using in situ 
polymerization in a graphene nanosheet suspension, and a specific capacitance of 1046 
F/g (based on GNS/PANI composite mass) was obtained at a scan rate of 1 mV/s [113]. 
However, the specific capacitance showed a significant loss at 100 mV/s (approx. 50%) 
compared with that at 1 mV/s in the presence of conducting agent and binder. There is 
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clearly room for improvement in the functional performance of graphene/PANI 
composite electrodes before wide-spread adoption is likely. 
Graphitic petals (GPs), or graphene nanowalls [187], contain a few layers of 
graphene that grow roughly perpendicularly to a substrate over a large surface area. GPs 
are strong candidates for electrochemical energy storage applications because of their 
high specific area and high electrical conductivity. They have been previously 
synthesized on different substrates, such as Ni foil, carbon cloth and carbon nanotube 
papers, for a variety of electrochemical energy storage applications [31, 188-190]. To 
date, this electrically conductive and unique GP structure has not been systematically 
utilized as a nanoscale template to better exploit the electrochemical properties of 
pseudocapacitive materials, nor used to form composite electrodes to make flexible 
energy storage devices. 
All-solid-state and flexible supercapacitor devices based on polymer gel 
electrolyte have recently attracted interest because of their advantages in terms of 
environmental friendliness, flexibility, cost, and versatility in comparison to many 
currently employed counterparts [173]. The design advantages of paper-like 
supercapacitors over the conventional sandwiched electrolyte supercapacitor 
configuration have been previously addressed [39, 40, 336]. However, the specific 
capacitance and power delivery rates of these flexible solid-state devices remain as areas 
for improvement. 
In general, obtaining an unambiguous comparison of all parameters of an 
electrode material or a device is difficult given the diversity of standards in the literature. 
Because PANI undergoes electrochemical reactions with the electrolyte directly, specific 
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capacitance, energy and power density calculations based on active electrode material is 
a logical choice for comparison of different studies. To facilitate device engineering, we 
also provide herein capacitances based on the projected (Euclidean) area and electrode 
volume for a single electrode and also capacitances, energy and power densities for two-
terminal devices.  
The present work reports the design, fabrication, and functional performance 
analysis of a nanometer-thick PANI film conformally coated on GPs that are directly 
grown on conductive carbon cloth by MPCVD. The resulting highly functional, 3-
dimensional porous network is devoid of any binder, allows for high loading of active 
electrode materials, and facilitates easy access of electrolyte to the large surface area of 
the electrode. 
6.3 Experimental 
The porous nanoarchitecture was achieved by two-step methods. First, synthesis 
of GPs on carbon cloth fibers in this study by a MPCVD process has been previously 
described in detail elsewhere [30, 31] . Briefly, CC (Fuel Cell Earth LLC) substrates, 
elevated 9 mm above a Mo puck by ceramic spacers, are subjected to MPCVD 
conditions of H2 (50 sccm) and CH4 (10 sccm) as the primary feed gases at 30 Torr total 
pressure for 25 min (see APPENDIX C, Fig. C1). Second, CC and CC/GPs need further 
acid treatment to be used as electrodes (see APPENDIX A). Electropolymerization was 
carried out on a CC/GP sample impregnated with 20 mL solution containing 0.05 M 
aniline monomers in 0.5 M H2SO4 [110, 337] at 0.8 V versus Ag/AgCl reference 
electrode. After the polymerization, the as-prepared composite was washed in deionized 
water and then dried at 80 °C over 2 hours. The adsorbed aniline monomers on the both 
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surfaces of a vertical GP are electropolymerized to form PANI. The sharp edges of GPs 
maintains well after the decoration of PANI. The PANI mass can be easily adjusted by 
controlling the electrochemical polymerization time. The PANI layer becomes thicker 
after electrochemical polymerization for longer times (see APPENDIX C, Fig. C2). The 
mass of PANI in the composite is estimated from the total Faradic charge consumed in 
the electropolymerization reaction, assuming an average of 2.5 electrons per aniline 
monomer in emeraldine 
[36, 162, 337, 338]
. Current changes as a function of time during 
electropolymerization process for both CC and CC/GPs are provided in APPENDIX C, 
Fig. C3. 
A Hitachi S-4800 field emission scanning electron microscope (FESEM) was 
used to image the surface morphology of all the samples. A FEI Titan 80-300 operated at 
300 kV was utilized for a high-resolution transmission electron microscopy (HRTEM) to 
characterize structure of the as-grown GPs. Raman characterization was performed with 
an Xplora spectrometer (Horiba Jobin Yvon Inc.) with a fixed laser excitation 
wavelength of 532 nm, power of 2.5 mW, spot size of 600 nm, and magnification of 
100×. BET surface area was measured by Accelerated Surface Area and Porosimetry 
(ASAP) 2020 (V4) equipment (Micromeritics Instrument Corporation, USA) using 
nitrogen adsorption–desorption isotherms at 77 K. The sample was calcined at 250 °C 
for several hours prior to degassing it in ASAP 2020 for 8 hrs at 200 °C. 
Cyclic voltammetry (CV) measurements of the CC/GPs/PANI hybrid structure 
were carried out on a BASi Epsilon electrochemical system (Bioanalytical Systems Inc., 
Indiana, USA) to evaluate the specific capacitance at different scan rates from 2 mV/s to 
100 mV/s. Galvanostatic constant-current charge/discharge measurements (Gamry 
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Echem Testing System, Gamry Instruments, Inc., USA) were used to accurately evaluate 
the specific capacitance (Cs), internal resistance (IR), energy density (E), power density 
(P), coulombic efficiency (η) and cycling life of the devices. Different current densities 
(from 1A/g to 100 A/g) were applied and a current density of 10 mA/cm
2
 was used for 
the cycling life tests for three-electrode configuration cell. The standard three-electrode 
cell consisted of Ag/AgCl as the reference electrode, Pt mesh as the counter electrode 
and the synthesized composite sample as the working electrode, respectively. A 1 M 
H2SO4 solution served as the electrolyte at room temperature. The potential was between 
0 to 0.8 V (0 to 2.4 V for the tests of three in-series supercapacitor group). Throughout 
this study, multiple samples were prepared under identical conditions to test for 
reproducibility of the processing conditions. The data acquired from the multiple 
samples could be reproduced to within  5%. The data presented above were the best 
results chosen from the sample set. 
6.4  Results and Discussion 
6.4.1 Electrode Characterization 
As-prepared GPs serve as highly graphitic and conductive templates onto which 
PANI films were conformally coated by electropolymerization of aniline monomers. 
Schematic illustrations of the hybrid CC/GPs/PANI nanostructures are shown in Fig. 6.1. 
This architecture offers several advantages: (1) Macroscopically, woven carbon cloth 
provides a flexible and conductive substrate and creates channels for fast and effective 
electrolyte ion transport. The gap between two adjacent carbon fibers ranges from 
several microns to tens of microns and reduces the ion transport resistance at high 
charge/discharge rates. Since carbon cloth serves as an open scaffold for the composite 
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architecture, there is an intrinsic basis for fast electron transport at low internal 
resistances throughout the entire electrode network. This in turn leads to a fast ion 
response at the boundary between electrode and electrolyte. (2) Highly graphitic and 
conductive GPs substantially increase the specific surface of the electrodes and provide a 
direct path for electron transport to the substrate. The sharp edges of GPs not only 
increase the charge storage capacity but also speed up ion diffusion due to low energy 
barriers [188]. The sharp edges of GPs not only increase the charge storage capacity but 
also speed up ion diffusion due to low energy barriers, a result suggested by DFT 
calculations of ion diffusion. (3) The nanoscale thin layer of PANI enables a fast, 
reversible faradic reaction and provides a short ion diffusion path. 
 
Figure 6.1. Schematic illustration of CC/GPs/PANI nanostructures as high-performance 
EC electrodes. The synthesis process involves two steps: (I) uniform and large-area 
coverage of GPs on conductive CC substrate by MPCVD. (II) Controlled and conformal 
PANI nanoscale thin layer coating on CC/GP substrates by electropolymerization 
method. 
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Scanning electron microscope (SEM) images in Fig. 6.2A show the morphology 
and microstructure of pure carbon cloth at low (inset) and high magnifications. The 
micrographs reveal that the surface of the carbon fiber is largely smooth with a diameter 
of approx. 9 microns. Fig. 6.2B displays the morphology and microstructure of GPs fully 
covering carbon fibers at low and high (inset) magnifications. A clean razor blade was 
used to cut CC/GP samples in order to acquire detailed morphological information of the 
composite. Typical cross-sectional SEM images of CC/GPs at low and high (inset) 
magnification are displayed in Fig. 6.2C. 
The measured Brunauer-Emmett-Teller (BET) surface area of CC/GPs (0.32 
m
2
/g) is approx. 3 times as high as that of pure CC (0.11 m
2
/g) used in this study. The 
BET surface area of CC/GPs could be further improved when using carbon fibers with 
smaller diameters. A cross-section of the boundary between GPs and a carbon fiber is 
shown in Fig. 6.2D which shows that GPs grow approximately 300 nm out from the 
carbon fiber surface. The typical width of a single, unwrinkled two-dimensional (2-D) 
petal ranges from approx. 100 nm to 500 nm. The thickness of the 2-D GP plane ranges 
from 1 nm to 15 nm, corresponding to less than 50 graphene layers. These microscopic 
GPs are found to cover the CC substrate uniformly, thus providing an effective template 
for large-scale fabrication (see APPENDIX, Fig. C4). 
TEM characterization of GPs on carbon fibers in previous work [289] indicates 
that the fiber-petal transition occurs with crystalline continuity, which facilitates electron 
transport at the interface between carbon fibers and GPs. The diameter of a carbon fiber 
does not change noticeably upon decoration with GPs. The overall thickness of a woven 
CC/GP sample grown during this study was measured to be approximately 110 microns. 
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Figure 6.2E contains a top-view SEM image of GPs after electrochemical 
polymerization of PANI. Apparently, before the electrochemical polymerization, 2-D 
unwrinkled GP surfaces are thin and smooth (see Fig. 6.2B and 6.2D); however, after 
electrochemical polymerization for 5 min, PANI conformally coats the GP surfaces, 
leading to roughened outer surfaces. 
Raman spectroscopy is often used to characterize graphene-based materials. The 
D band at 1350 cm
-1
 is known to result from various types of defects and anomalies of 
transverse optical vibrations near the K-point. The G peak at 1580 cm
-1 
arises because of 
the doubly degenerate zone-center E2g mode [296]. Figure 6.2F shows comparative 
Raman spectra of CC, CC/GPs and CC/GPs/PANI. Apart from the D and G bands in the 
Raman spectrum of the CC/GPs/PANI hybrid material, another two new smaller peaks 
(indicated by circles), indexed around 1167 cm
-1
 and 1470 cm
-1
, are due to the presence 
of PANI, corresponding to C-H vibrations in quinoid/phenyl groups and the semiquinone 





Figure 6.2. (A) SEM images of pure carbon cloth (inset, lower magnification); (B) GPs 
fully covering carbon fibers at low and high (inset) magnifications. (C) Cross-sectional 
SEM images of CC/GPs at low and high (inset) magnification, showing that GPs fully 
cover the carbon fiber surfaces. (D) A cross-sectional close-up of the boundary between 
GPs and a carbon fiber. (E) A high magnification SEM of conformal PANI coating on 
GP surfaces. (F) Raman spectra of pure CC, CC/GPs and CC/GPs/PANI. 
 
6.4.2 Electrochemical Characterization of Electrodes 
In prior work, excessively thick PANI films or fibers on conductive surfaces 
caused a limited mass transport rate of anions and low PANI conductivities [36]. 
Consequently, thorough insertion/expulsion of counter-anions could only effectively 
occur in the outermost layer of the thick PANI film or fiber, leading to large 
discrepancies between theoretical and measured specific capacitances of the active 
material. This issue severely limits the realization of supercapacitors with high specific 
capacitance. It is also essential to achieve high areal capacitance in PANI-based 
electrodes. The present work considers electrochemical polymerization times of 30s, 2 
min, 5 min, 8 min, 10 min to 15 min to study the influence of PANI polymerization on 
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electrochemical performance including specific capacitance based on active material and 
the area-normalized capacitance of the electrodes. 
Figure 6.3A shows both the mass specific capacitance and area-normalized 
specific capacitance at 2 mV/s as a function of the electrochemical polymerization time 
for CC/GPs/PANI electrodes in a three-electrode configuration cell, as described in the 
Experimental section. For an electropolymerization process time of 30 s, insufficient 
aniline polymerization occurred on the graphene surfaces; consequently, the PANI 
coverage on the surface of GPs was incomplete, leading to high specific capacitance 
based on the mass of PANI, with a significant contribution from electric double-layer 
capacitance [185]. The area-normalized specific capacitance reaches 1.1 F/cm
2
, higher 
than that of the CC/GP electrode (0.7 F/cm
2
). 
As electropolymerization time increases, the deposited PANI mass increases, 
leading to a gradual increase in the area-normalized specific capacitance of the 
composite electrodes. For an electropolymerization time of 5 min, the area-normalized 
specific capacitance starts to plateau and eventually reaches approx. 2 F/cm
2
 at a scan 
rate of 2 mV/s for an electropolymerization time of 15 min. As the PANI polymerization 
time increases, more PANI participates in the electrochemical reactions, leading to 
higher pseudocapacitance and consequently a higher area-normalized specific 
capacitance. However, thicker PANI coatings limit ion transport rates because only the 
outer layer of PANI can be utilized in pseudocapacitive reactions. This gives rise to a 
relatively low mass-specific capacitance and leads to the saturation of the area-
normalized specific capacitance. Furthermore, degradation of mechanical properties is 
associated with thick PANI layers because repetitive swelling and shrinkage during 
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charge/discharge cycles degrades long-time cyclic stability [178]. The area-normalized 
PANI masses at different polymerization times for a typical sample with Euclidean area 
of 80 mm
2 
have been provided Table 6.1. The PANI mass reaches 1.2 mg/cm
2
 for a 
polymerization time of 5 min and increases with polymerization time at a decreasing 
deposition rate. For the heaviest mass loading of 2.5 mg/cm
2
 corresponding to a 
polymerization time of 15 min, the area-normalized capacitance of the composite 
electrode shows an apparent asymptote approaching 2 F/cm
2
 that suggests a limiting 
capacitive condition based on active material utilization. Taken together, to balance 
overall electrochemical performance of the composite electrode, we chose a standard 
electropolymerization time of 5 min for all subsequent studies. 
 
Table 6.1. Area-normalized PANI masses at different polymerization times for a typical 





0 0.5 2 5 8 10 15 
Mass of PANI 
on CC/GPs 
(mg/cm2) 
0 0.35 0.75 1.20 1.50 1.96 2.50 
 
 
Figure 6.3B shows cyclic voltammetry (CV) plots from the hybrid CC/GPs/PANI 
composite electrode (5 min of PANI electropolymerization) at different scan rates of 2, 
5, 10, 20, 50 and 100 mV/s with potential windows ranging from 0 to 0.8 V vs. Ag/ 
AgCl in 1 M H2SO4 aqueous electrolyte.  Redox peaks (C1/A1 and C2/A2) from the CV 
curves indicate the presence of pseudocapacitance. The Faradaic transformation of 
emeraldine-pernigraniline initiates the redox peaks C1/A1. Peaks C2/A2 have been 
attributed to the formation/reduction of bipolaronic pernigraniline [113, 328, 341]. 
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Moreover, the cathodic peaks (C1) shift positively and the anodic peaks (A1) shift 
negatively with the increase of potential sweep rates, an effect attributed to the 
increasing resistance of the electrodes [328]. 
Figure 6.3C contains a comparison of area-normalized specific capacitances of 
pure CC, CC/GPs, CC/PANI and CC/GPs/PANI at different scan rates. The 
electrochemical polymerization time for both CC/PANI and CC/GPs/PANI electrodes is 
5 min. The pure CC contributes negligible area-normalized specific capacitance to the 
electrodes (0.01 F/cm
2 
at a scan rate of 2 mV/s). After decorating GPs on the CC, the 
area-normalized specific capacitance of the composite electrode reaches 0.7 F/cm
2
 at a 
scan rate of 2 mV/s and decreases slightly with increasing scan rate. In order to isolate 
the effects of the GPs, pure CC was electrochemically coated with PANI for comparison 
to a hybrid composite electrode of CC/GPs/PANI using the same PANI 
electropolymerization time (5 min). At a scan rate of 2 mV/s, the area-normalized 
specific capacitance of the CC/GPs/PANI sample is 1.84 F/cm
2
, approximately one order 
of magnitude higher than that of CC/PANI (0.19 F/cm
2
). At a scan rate of 100 mV/s, the 
area-normalized capacitance of the electrodes remains 71%, higher than the reported 
value for reduced graphene oxide/PANI electrodes containing binder (approx. 50% 
capacitance retention at 100 mV/s) [113], indicating a broad rate capability of the hybrid 
CC/GPs/PANI electrode. The higher area-normalized capacitance of the CC/GPs sample 
without PANI as compared to the CC/PANI sample may be counterintuitive but could 
result from a combination of factors: (1) the much higher true surface area of the 
CC/GPs resulting in higher double-layer capacitance; (2) hydrophilic oxygen 
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functionalization of CC/GPs to increase pseudocapacitance; (3) the unique sharp edge 
structures of GPs to enhance ion diffusion and charge storage. 
Figure 6.3D displays a comparison of mass-specific capacitance of PANI on both 
pure CC and CC/GP substrates. At a scan rate of 2 mV/s, the mass-specific capacitance 
of PANI on the CC/GP substrate is approximately 3 times as high as that of PANI-coated 
CC. If the PANI uniformly coats both the GPs and the fibers of the CC, one might expect 
the mass-specific capacitance to be nearly identical for both systems. The observed 
factor of approx. 3 increase suggests the sharp edges of GP enhances the local electric 
field, allowing more charge to be stored along the edges, a result discussed in previous  
studies [188, 342]. Alternatively, it is possible that the PANI film may be thinner on 
CC/GP than on CC alone, a factor that might also contribute to the observed result. 
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Figure 6.3. Electrochemical performance of PANI-coated electrodes of various types. (A) 
Mass-specific capacitance and area-normalized specific capacitance as functions of 
electrochemical polymerization time at a scan rate of 2 mV/s for a CC/GPs/PANI 
electrode. (B) CV curves for a hybrid CC/GPs/PANI composite electrode (5 min of PANI 
electropolymerization) at scan rates of 2, 5, 10, 20, 50 and 100 mV/s with potential 
windows ranging from 0 to 0.8 V vs. Ag/AgCl in 1 M H2SO4 aqueous electrolyte. (C) 
Comparison of area-normalized specific capacitance of pure CC, CC/GPs, CC/PANI and 
CC/GPs/PANI electrodes at different scan rates. (D) Comparison of mass-specific 
capacitance of PANI on both pure CC and CC/GP substrates. 
 
Rate capability as determined by galvanostatic constant-current charge/discharge 
measurements is another important metric for supercapacitors. Charge/discharge studies 
were conducted for a CC/GPs/PANI hybrid electrode at different constant current 
densities, ranging from 1 A/g to 100 A/g based on PANI mass. The charge/discharge 
curves exhibit a predominantly symmetric nature, indicating that the nanocomposite 
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electrodes have a good electrochemical capacitive characteristic with reversible redox 
reactions. The symmetric nature of the constant current curves persists even at a low 
current density of 1 A/g, as shown in Fig. 6.4A. The charge/discharge behavior of the 
hybrid electrode at higher current densities is provided in APPENDIX C, Fig. C5A, 
which indicates a small internal resistance (IR) drop. 
The mass-specific capacitance and area-normalized specific capacitance derived 
from the discharge curves at different charge/discharge rates (current densities) are 
shown in Figure 6.4B. At a constant current density of 1 A/g, the calculated mass-
specific capacitance is approx. 2000 F/g, and the area-normalized specific capacitance is 
approx. 2.6 F/cm
2
, corresponding to a volumetric capacitance of approx. 230 F/cm
3
, 
exceeding prior reports on generally similar PANI-coated electrode structures [36, 110, 
112]. To the best of our knowledge, the highest reported area-normalized capacitance for 
PANI-coated carbon electrodes is 1.8 F/cm
2
 [57]. Previous studies on reduced graphene 
oxide paper coated with PANI have observed volumetric capacitances of 135 F/cm
3
 
[110] and 160 F/cm
3
 [112].  PANI electropolymerized on stainless steel was reported to 
exhibit an area-normalized capacitance of 0.9 F/cm
2 
at a deposit charge of 2.35 C/cm
2
 
[36]. Volumetric capacitances of PANI-based electrodes are usually higher than those of 
carbon nanotubes (<16 F/cm
3
) [125], graphene paper (64 F/cm
3
) [110], carbide-derived 
carbon (61-90 F/cm
3
) [343] and activated carbon (< 50 F/cm
3
) [125]. The mass-specific 
capacitance and area-normalized capacitance shown in Fig. 6.4B decrease as the current 
density increases and remain stable at high current densities. At a high current density of 
100 A/g, the mass-specific capacitance still remains nearly 1200 F/g with an area-
normalized capacitance of 1.5 F/cm
2
, values that are consistent with those calculated 
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from CV curves. The specific capacitance based on total mass of CC/GPs/PANI 
electrode at 1 A/g is calculated to be 214 F/g. 
The internal resistance can be determined from the initial voltage drop of the 
discharge curves in Fig. 6.4A, and this value is an important factor that affects the 
maximum power of the device. At a high current density of 100 A/g, the VIR is 
approximately 0.12 V, corresponding to a low internal resistance of 2.5 Ω (see 
APPENDIX C, Fig. C5B). This result clearly demonstrates a low charge-transfer 
resistance of the CC/GPs/PANI hybrid electrode. 
The energy density decreases from 180 to 110 Wh/kg while the maximum power 
density increases from 118 to 265 kW/kg as the galvanostatic charge/discharge current 
increases from 1 to 100 A/g. These metrics exceed other recently reported values of 
PANI-based supercapacitors [57, 185, 326].   
Another important requirement for supercapacitor applications is cyclic stability. 
Cycle life tests over 2000 cycles for the CC/GPs/PANI hybrid electrode at a current 
density of 10 mA/cm
2
 were conducted using galvanostatic constant-current 
charge/discharge cycling in a potential window ranging from 0 to 0.8 V. Fig. 6.4C shows 
the specific capacitance retention of the CC/GPs/PANI hybrid electrode as a function of 
charge/discharge cycle number. The composite electrode exhibits approx. 7% loss in 
capacitance over 2000 charge/discharge cycles, indicating an excellent long-term 
stability. The coulombic efficiency of the hybrid electrode is higher than 99%, indicating 





Figure 6.4. (A) Galvanostatic constant-current charge/discharge performance evaluated 
for the CC/GPs/PANI hybrid electrode at different constant-current densities.  
(B) Specific capacitances of the CC/GPs/PANI hybrid electrode at different constant-
current densities. (C) Charge/discharge cycling test at a current density of 10 mA/cm
2
, 
showing approx. 7% loss over 2000 cycles. 
 
6.4.3 Supercapacitors Based on PVA-H2SO4 Polymer Gel Electrolyte 
The hybrid porous electrode shows excellent electrochemical behavior in a three-
electrode system and holds practical promise for use as electrodes in all-solid-state 
flexible supercapacitors with a two-terminal configuration. Conventional polymer gel 
electrolyte-based supercapacitors, with two electrodes bounding a solid-state polymer 
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electrolyte membrane, serving as both a separator and electrolyte, have been previously 
reported in the literature [49, 344, 345]. Recently, we have demonstrated the advantages 
of a novel structure design using PVA-H2SO4 polymer gel electrolyte to fabricate all-
solid state flexible supercapacitors based on buckypaper and PANI in prior work [39, 
40]. Here, highly flexible paper-like CC/GPs/PANI supercapacitors have been fabricated 
in a similar manner, but with improved electrochemical performance. 
Figure 6.5A contains a schematic illustration of a solid-state flexible 
CC/GPs/PANI supercapacitor based on PVA-H2SO4 polymer gel electrolyte. We find 
that such devices show negligible performance degradation under highly strained 
conditions, even in highly bent (180° angle) and twisted conditions (see APPENDIX C, 
Fig. C6). Galvanostatic constant-current charge/discharge characterization was carried 
out on one individual two-terminal device. Figure 6.5B displays charge/discharge curves 
for a CC/GPs/PANI supercapacitor at different constant current densities ranging from 1 
A/g to 50 A/g. The charge/discharge curves are nearly symmetric at all current densities. 
At a current density of 1 A/g, the calculated mass-specific capacitance is approx. 1200 
F/g with an area-normalized specific capacitance of approx. 1.5 F/cm
2
 based on a single 
electrode. The internal resistance calculated based on the IR drop (0.0158 V) is 29 Ω at 1 
A/g, about a factor of 10 higher than found for aqueous electrolyte in a three-electrode 
configuration cell. We attribute this increase in internal resistance to the lower ion 
conductivity of the polymer electrolyte. A comparison of the specific energy and power 
density (per cm
3
 of the fabricated device) for typical electrolytic capacitors, 
supercapacitors, and batteries is given in Fig. 6.5C [27]. It compares the performance of 
the present all-solid-state flexible device with various contemporary energy storage 
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devices. As is evident, the performance of the CC/GPs/PANI supercapacitor is good. The 
CC/GPs/PANI supercapacitor reaches energy densities of nearly 3.4 mWh/cm
3
, a value 
almost 10 times higher than a commercial 3.5V/25-mF supercapacitor and comparable to 
the upper range of a lithium thin-film battery. Additionally, the PANI-coated 
supercapacitor delivers a power density of 3 W/cm
3
, which is nearly two orders of 
magnitude higher than typical lithium thin-film batteries. The energy and power 
densities of the present flexible supercapacitor device shown in the Ragone plot bridge 
the gap between conventional supercapacitors and lithium thin-film batteries. 
Life cycle tests over 1000 cycles for the CC/GPs/PANI hybrid electrode at a 
current density of 5 mA/cm
2
 were conducted using galvanostatic constant-current 
charge/discharge cycling in a potential window from 0 to 0.8 V, as shown in Fig. 6.5D. 
Approx. 10% loss in capacitance over 1000 cycles and coulombic efficiencies of the 
hybrid electrode > 99.5% were measured for the device, indicating a good stability and 
efficacy of the rapid electron transfer during charge/discharge processes. The flexible all-
solid-state supercapacitors exhibited approx. 10% and 8% loss in capacitance under bent 
and twisted testing conditions, respectively, with coulombic efficiencies > 99.5%  over 
1000 cycles (APPENDIX C, Fig. C7).  
To demonstrate practical application, we prepared three supercapacitors (each 
size approx. 0.5 cm × 2.0 cm) and connected them in series to light a green light-
emitting-diode (LED, Velleman, Inc., with a turn-on voltage of 1.5 V). The series-
connected supercapacitor shows negligible performance degradation in highly strained 
conditions, as shown in Fig. 6.5E. CV curves of the series-connected supercapacitor 
(scanning from 0 V to 2.5 V) in planar and wrapped (around a glass rod with a diameter 
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of approx. 8 mm) conditions nearly overlap, indicating excellent mechanical flexibility 
of the device. Fig. 6.5F contains a photograph of the series-connected supercapacitor, 
wrapped around a glass rod (inset) when connected to the green LED. After charging at 
2.5 V for 15 min, the highly strained device lit the LED for over 30 min. 
          
Figure 6.5. Electrochemical performance of the two-terminal highly flexible 
supercapacitors. (A) Schematic illustration of solid-state highly flexible CC/GPs/PANI 
supercapacitors based on PVA-H2SO4 polymer gel electrolyte. (B) Galvanostatic 
charge/discharge performance of an as-prepared solid-state supercapacitor. (C) 
Comparison of the specific energy and power density (per cm
3
 of device volume) of a 
typical electrolytic capacitor, a Li-ion thin-film battery, and a commercial supercapacitor 
(from ref. [27]). (D) Charge/discharge cycling at the current density of 5 mA/cm
2
, 
showing approx. 10% loss over 1000 cycles.  (E) CV curves at 5 mV/s for the series-
connected supercapacitor from 0 V to 2.5 V in normal and strained conditions. (F) 
Photograph of a series-connected supercapacitor, wrapped around a glass rod (inset), to 
turn on a green light-emitting-diode. 
 
6.4.4 Self-discharge and Leakage Current of Supercapacitors 
The leakage current of the as-prepared solid-state supercapacitor was measured by 
keeping the device at a constant voltage (0.8 V). The results in Fig. 6.6A indicate that the 
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 after maintaining a constant voltage for 10 h. This 
leakage is lower than reported values for devices using liquid electrolytes and polymer 
gel electrolytes [273]. Such low leakage current might be linked to fewer shuttle reactions 
caused by impurities in the electrode materials (metal impurities and binder) [2, 273]. Fig. 
6.6B displays the self-discharge characteristics of the device under an open-circuit 
voltage condition. The flexible device maintains approx. 90% of the initial charge 
potential after 2 h and approx. 60% after 24 h of self-discharge, exceeding reported 
values (<25% potential retention in less than 20 h) for polymer gel electrolyte-based 
supercapacitors [273, 274]. 
 
 
Figure 6.6. (A) Leakage current of the solid-state device charged at 1 mA/cm
2
 to a 
floating potential of 0.8 V and kept at 0.8 V for 10 h. (B) Self-discharge characteristics of 
the device on open circuit after being charged at 0.8 V for 15 min 
 
Even though the device fabrication process has not yet been optimized, the all-
solid-state supercapacitor device has demonstrated excellent flexibility and 
electrochemical performance. In the future, many parameters such as the thickness of the 
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polymer gel, force applied to compress two electrodes together, concentration of acid in 
the polymer gel electrolyte and electrical contact between two individual devices can be 
optimized in order to realize improved electrochemical performance. A summary of 
PANI-based electrodes for the state-of-the-art supercapacitors is provided in Table 6.2.
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Table 6.2. Continued.  
PANI film on 
MWCNT 
paper 
flexible 350 F/g 7.1 2.2 
1 M H2SO4 
and PVA-
H2SO4 gel 




rGO w/ PANI 
on Ni foam 
inflexible 
1046 F/g at 1 
mV/s, 50% 
capacitance loss 
at 100 mV/s 
39  70 6 M KOH -------  [113] 
GPs coated w/ 
PANI on CC 
flexible 
1500 F/g at 2 
mV/s and     ~ 






1 M H2SO4 







A nanoarchitecture based on CC/GPs/PANI was prepared as an electrode for 
flexible supercapacitors through a two-step process. First, GPs were grown on CC 
substrates by MPCVD; second, nanoscale thin PANI was coated on surface of GPs by an 
electrochemical polymerization process. As-prepared single CC/GPs/PANI electrode has 
been systematically characterized electrochemically in a three-electrode configuration 
cell. The present results reveal that GPs significantly improve electrochemical properties 
of the composite electrode because of their large specific surface area and unique sharp 
edges. We have also prepared two-terminal all-solid-state flexible supercapacitors based 
on CC/GPs/PANI electrodes and PVA-H2SO4 polymer gel electrolyte that exhibit 
excellent electrochemical performance in terms of specific capacitance, self-discharge 
behavior, energy and power density and cycling life. Finally, a charged supercapacitor 
group has been demonstrated to light a green LED under a highly strained condition with 
negligible performance degradation. This set of results, from basic material synthesis to 
full-scale demonstration, suggests that the combination of well-anchored nanopetals on 
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the versatile carbon cloth substrate with PANI pseudocapacitive material is particularly 








CHAPTER 7. GRAPHITIC PETAL ELECTRODES FOR MICRO-
SUPERCAPACITOR APPLICATIONS 
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cyclic voltammetry scanning and galvanostatic charge/discharge characterization of the 
electrodes. The author also thanks Dr. Chuizhou Meng for his participation in using 
optical lithography to pattern photoresist on electrodes, and his useful discussion and 
assistance in acquiring data for micro-supercapacitor measurements.  The author would 
like to thank Dr. Dmitry Zemlyanov for the XPS characterization and his training to 
analyze XPS data. Some of the material in this chapter has been accepted for publication 
in Electroanalysis [1].  
 
7.1 Abstract 
Symmetric microsupercapacitors based on several-micrometer-thick graphitic 
petals (GPs) electrodes have been designed and fabricated. The micro-electrodes were 
prepared by microwave plasma chemical vapor deposition (MPCVD) and patterned by 
conventional optical lithography and reactive ion etching techniques on insulating 
substrate (e.g., quartz, oxidized silicon). Charge/discharge rates up to 100,000 mV/s, 
three orders of magnitude higher than conventional supercapacitors, have been tested for 
the microdevices in 1 M H2SO4 aqueous electrolyte. After electrochemical oxidation of 
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the GPs, a high volumetric capacitance of approx. 270 F/cm
3
 (equivalent to an area-
normalized capacitance of 108 mF/cm
2
) was derived at a scan rate of 20 mV/s, two orders 
of magnitudes higher than  that before electrochemcial oxidation, while maintaining high 
charge/discharge rates. The micro-meter sized device after electrochemical oxidization in 









) at a scan rate of 10,000 mV/s 
and excellent cyclic stability (approx. 1% capacitance loss over 1,500 cycles). 
7.2 Introduction 
As the size of portable electronic devices becomes increasingly smaller, there is an 
urgent demand for integration of micro-power sources to the microsystems. Designing 
and integrating high-performance and miniaturized energy-storage devices that can 
achieve efficient energy delivery at high charge/discharge rates with excellent long-term 
cyclic stability in a fixed footprint area (e.g., directly on a chip) still remains a big 
challenge. In spite of the recent development of advanced rechargeable microbatteries 
(e.g., thin film microbatteries [26]), inherent problems associated with such energy 
storage systems include low charge/discharge rates and specific power because of the low 
rate of solid-state diffusion (e.g., lithium ion battery) [27], limited cyclic lifetime because 
of the extreme changes in volume during redox reactions [28], and degradation of  
properties in microscale range [26, 346].  
Micro-supercapacitors are developed recently to couple with micro-batteries and 
energy harvesting micro-systems to provide high peak power, long cycle life, and high 
charge/discharge rates, while maintaining a reasonable energy density for practical 
applications. A comprehensive review including materials and fabrication methods used 
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in recent microsupercapacitor research has been addressed in ref. [1]. Carbon materials 
(e.g., carbon nanotubes (CNTs) [119], graphene [120], activated carbon [27, 80, 121], 
carbide derived carbon [77, 159], pyrolyzed carbon [130, 131],  carbon onions [27]) due 
to their non-toxicity, high specific surface area, good electronic conductivity, high 
chemical stability, and wide operating temperature range, have been used as electrode 
materials in micro-supercapacitors. The area-normalized specific capacitance of the 
carbon-based materials are usually in the range of 0.1 to 40 mF/cm
2 
[1].  
Pech et al. fabricated activated carbon based microsupercapacitors using different 
methods: electrophoretic deposition [27] and ink-jet printing [121] and reported the 
specific capacitances in the range of 2 ~ 4 mF/cm
2
 in organic electrolyte. Shen et al. [80] 
improved the specific capacitance (90.7 mF/ cm
2
) by fabricating 3D micro-
supercapacitors with a thickness of 50 ~ 70 µm of activated carbon as electrode materials. 
The energy density was further boosted by Durou and coworkers by depositing activated 
carbon combined with 15 wt% PVDF as active materials into KOH-etched silicon 
cavities. However, the device showed high internal resistance possibly due to the longer 
diffusion length caused by solid silicon patterns filling between electrodes [1]. CNT-
based microsupercapacitors have usually suffered from high internal resistance and poor 
cyclic stability because of the lack of robust mechanical contact to metal current 
collectors [119] and low specific capacitance (<1 mF/cm
2 
for 80-micron-thick CNT 
arrays) [146]. Reduced graphene oxide (rGO)-based microdevices exhibited a limited 
specific capacitance (0.51 mF/cm
2
), fairly good cyclic stability (30% capacity loss after 
10,000 cycles) and possible temperature restrictions due to the decomposition of 
graphene oxide at a relatively low temperature of 70 °C [156]. Recently, 2-micron-thick 
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carbide-derived carbon (CDC) films, with a volumetric capacitance of ~ 180 F/cm
3 
in 
TEABF4 electrolyte and ~160 F/cm
3 
in 1M H2SO4, exhibited great potential as 
microsupercapacitor electrode materials [77]. Meanwhile, ultra-power 
microsupercapacitors based on nanometer-size (6 to 7 nm) carbon onion as active 
materials were reported [27]. As-prepared microsupercapacitors demonstrated ultra-high 
charge/discharge rates and power densities, as well as excellent cyclic stability. However, 
the volumetric capacitance of the microdevice was relatively low (1.3 F/cm
3
). 
Graphitic petals (GPs) [187], or graphene nanosheets (nanowalls), directly 
synthesized on different substrates (e.g., Ni foil and carbon cloth) through plasma 
enhanced chemical vapor deposition method, exhibit promising potential for macro-
electrochemical energy storage application [188-190]. In this work, we reported the 
design and fabrication of symmetric microsupercapacitors with a planar interdigitated 
structure based on several-micrometre-thick layer GPs as active electrode materials, 
synthesized by micro-wave plasma chemical vapor deposition (MPCVD) and patterned 
by conventional optical lithography and reactive ion etching (RIE) techniques on 
oxidized silicon substrate. 
The schematic of the planar and interdigitated electrode structures of the GP-based 
microsupercapacitors is shown in Fig. 7.1. The unique sharp edges of GPs greatly 
increase charge storage as compared with that of designs that rely on basal plane surfaces 
[188]. Density functional theory analysis [342] shows the presence of these edges affects 
not only the reactivity of the carbon material toward the adsorption of Li adatoms but 
also their diffusion properties. As-prepared GP-based microdevice exhibited ultrahigh 
charge/discharge rates up to 100,000 mV/s in 1 M H2SO4 aqueous electrolyte. After 
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electrochemical oxidation of the graphitic petals, a high volumetric capacitance of ~270 
F/cm
3
 (equivalent to an area-normalized capacitance of 108 mF/cm
2
) was calculated at a 
scan rate of 20 mV/s, while still maintaining high charge/discharge rates. The observed 
high specific capacitances can be attributed to the unique structures of GP and redox 




Figure 7.1. Schematic of planar and interdigitated fingered microsupercapacitors with 
GPs as active electrodes.  
 
7.3 Experimental 
Graphitic petals were synthesized as outlined in Chapter 4. Briefly, the plasma 
source consists of a 2.45 GHz frequency microwave power supply with variable power. 
The insulating substrates, elevated 15 mm above a 55-mm-diameter Mo puck by ceramic 
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spacers, were subjected to MPCVD conditions of H2 (50 sccm) and CH4 (10 sccm) as the 
primary feed gases at 30 Torr total pressure. The GP growth time was 30 min. The 
substrates were initially exposed to hydrogen plasma for approximately 2 min, during 
which the plasma power gradually increased from 300 W to 600 W. This plasma is 
sufficient to heat the samples from room temperature up to approx. 1100°C, as measured 
by a dual-wavelength pyrometer (Williamson PRO 92). After introducing CH4, the 
measured temperature decreases slightly to ~1000 °C.  
A schematic of the fabrication process of interdigitated GP-based 
microsupercapacitors on insulating substrates is shown in Fig. 7.2. First, GPs were 
synthesized on insulating substrates by MPCD method. Second, the substrates coated 
with GPs are coated with Ti/Au (50 nm/200 nm) by electron-beam evaporator at a base 
pressure of 5x10
-7
 torr and Ti/Au patterns were fabricated through conventional optical 
lithography method. Third, 16 interdigitated fingers of GP electrodes with Ti/Au as 




Figure 7.2. Schematic of the fabrication process of planar and interdigitated GP-based 
microsupercapacitors on an insulating chip. 
 
Electrochemical oxidation was carried out on GP patterns in a three-electrode 
system with Ag/AgCl reference electrode and a constant potential of 1.9 V for 30 min. 
Raman characterization was performed with an Xplora spectrometer (Horiba Jobin Yvon 
Inc.) with a fixed laser excitation wavelength of 532 nm, power of 2.5 mW, spot size of 
600 nm, and magnification of 100X. The XPS investigation used an AXIS ULTRA DLD 
system under ultra-vacuum (<10
−9
 Torr). Hitachi S-4800 field emission scanning electron 
microscope (FESEM) operated at 5 kV was used to study the top-view and side-view 
surface morphology. A FEI Titan 80-300 operated at 300 kV was utilized for a high-
resolution transmission electron microscopy (HRTEM) to characterize structure of the as-
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grown GPs. TEM samples for GP structure analysis were prepared by scratching a 
sample surface with a razor blade to remove deposited material into a vial with acetone 
followed by ultrasonic bath treatment for several minutes, after which a drop of obtained 
suspension was put onto a lacey carbon 300 mesh copper TEM grid. 
7.4 Results and Discussion 
7.4.1 Nanostructure Characterization 
Figure 7.3a shows an optical image of GP micro-patterns as microsupercapacitor 
electrodes. Scanning electron microscope (SEM) images of the GP micropatterns with 
Ti/Au coated on the top of the surfaces shows that the width of the electrodes and the gap 
between are 30 µm and 35 µm, respectively (see Fig. 7.3b). Figure 7.3c displays a 
magnified SEM image of micro-patterns, showing that Ti/Au metal films are coated on 
the surface of the GPs. Figure 7.3d shows side-view SEM images of GP micropatterns at 
a low magnification and a high magnification (inset). The thickness of the GP micro-
electrodes is ~ 4 µm. The inset image shows the morphology of the GP structures with 
sharp edges. It was reported that the thickness of the first layer of CNWs is typically 
limited to several micrometers generally < 3 µm because of the restricted intrinsic electric 
field strength across the sheath region. In ref. [190], the thickness of the two dimensional 
(2D) carbon nanowalls (or the first carbon nanowalls layer) to reach approx. 2 µm. In 
order to achieve 3D GP growth, apart from the first 2D GP layer growth, a second growth 





groups by oxidizing them in 2 M HNO3 at 95°C for 6 h. In this work, 3D GP networks 
can be easily synthesized by one-step method because of the unique setup during the 
growth process (elevated substrates), described in Chapter 4. The thickness of the GP 
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electrode can be easily controlled by the growth time and plasma power. 3D GP networks 
comprise many GP layers nesting on each other, demonstrated by the boundaries of the 
GP layers outlined in Fig. 7.3e. Top-views SEM images of bare GPs without metal 
coating on the top are shown in Fig. 2f. The typical span width of a single unwrinkled 2-
D plane ranges from 100 nm to 500 nm. The thickness of the 2D GP plane can reach 
several nanometers, corresponding to less than 50 graphene layers. A magnified image of 
the GPs (inset in Fig. 7.3f) reveals the smooth surfaces of the thin graphene layers. The 
atomic structures of the GPs were also investigated using high-resolution transmission 
electron microscopy (HRTEM). Fig. 7.3g shows a representative TEM image of as-
grown GPs, providing evidence for thin graphene nanosheets. A cross-section through a 
thin GP (inset) indicates that the petal is comprised of between 10 and 20 layers of 
graphene with a planar lattice spacing of approximately 0.35 nm.  
Figure 7.3a displays the optical images of the micro-device attached on a glass 
slide and Fig. 7.3b shows the SEM images of the patterns fabricated by the conventional 
optical lithography techniques. The width of the GP patterns (darker region indicated) is 
approximately 38.5 µm and the spacing between two adjacent patterns is around 23 µm. 
Fig. 7.3c displays the SEM images of the GPs coated with Ti/Au metal thin films. The 
porous structure of GPs can still be seen. A SEM image of the GPs without any metals is 
shown in Fig. 7.3d for comparison. TEM characterization of these graphitic graphene 
nanosheets are shown in Fig. 7.3e. The interspace between two graphitic layers is 0.35 






Figure 7.3. (a) Optical image of a microsupercapacitor with 16 interdigitated fingers 
(please give scale bar since that is magnified image.) (b) SEM image of etched GP 
electrode patterns; (c) A higher magnification of the GP electrodes coated with Ti/Au; (d) 
A low-magnification SEM image (side view) of an electrode finger, shown in (c), 
indicates that the electrode has a uniform thickness of 4 micro-meter. (e) A high-
magnification SEM image of GPs inside the electrodes. (f) A Top-view SEM image 
displays the morphology of bare GPs without Ti/Au coating. (g) Low and high (inset) 
resolution TEM images show the morphology of GP and also the graphitic nature. 
 
Raman spectroscopy is often used to characterize the graphitic nature of carbon 
nanomaterials. The D band at 1350 cm
−1
 is known to result from various types of defects 
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and anomalies of transverse optical vibrations near the K-point. The G peak at 1580 cm
−1
 
arises because of the doubly degenerate zone center E2g mode. The 2D band at 2700 cm
−1
 
is due to intervalley zone-boundary transverse optical phonon scattering [296]. Relative 
intensity ratio of the D band to the G band (ID/IG) reflects both the degree of 
graphitization and the alignment of the graphitic planes of carbon materials. Fig. 7.4a 
shows the comparative Raman spectra of GPs before and after electrochemical oxidation. 
The ID/IG ratio of bare GPs and electrochemically activated GPs calculated from Fig. 7.4a 
are 0.27 and 1.05, respectively. I2D/ IG of the bare GPs and electrochemically activated 
GPs calculated from Fig. 7.4a are 0.43 and 0.65, respectively. The increases in ID/IG and 
I2D/ IG ratios indicate the formation of defects in the graphene layers during 
electrochemical oxidation process. 
In order to understand the chemical changes during electrochemical oxidation 
process, X-ray photoelectron spectroscopy (XPS) analysis has been used to study the 
ratio of carbon to oxygen concentrations at the surfaces. Fig. 7.4b shows the comparative 
XPS spectrum of pure GPs and electrochemically oxidized GPs, highlighting the C 1s 
and O 1s peaks. As apparent from Fig. 7.4b, XPS spectrum of oxidized GPs exhibits O 1s 
peaks around 532 eV. Quantitative analysis of the peak intensities indicates an atomic 
fraction of approx. 18% oxygen atoms on the electrochemically treated GPs, while pure 
GP electrodes contain negligible oxygen atoms on the surface (approx. 0.4%) because of 
the residual oxygen in the vacuum during growth process or oxygen contamination of 
GPs when exposed to ambient air.  
Figure 7.4c and 7.4d display C 1s and O 1s of electrochemically oxidized GPs, 
respectively. The C 1s of electrochemically oxidized GPs can be deconvoluted into 
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several Gaussian peaks after background subtraction by Shirley‘s method, as shown in 
Fig. 7.4c. The main peak centered at 284.3 eV, with a content of 78% corresponds to C-C 
sp
2 
bonds; the secondary peak at 286.2 eV (content 8%) corresponds to C-O bonds; the 
peak at 287.5 eV (content 2%) corresponds to C=O bonds; the peak at 288.7 eV 
corresponds to –O–C=O bonds; the peaks at 291.0 eV (content 4.5 %) and 293. 8 eV 
(content 1.5%) correspond to the two shake-ups (  *), characteristics of aromatic or 
conjugated graphene structures [347]. The presence of oxygen is further substantiated by 
the Gaussian fit of the O 1s peak, as shown in Fig. 7.4d. The peak at 532.1 eV indicates 
the presence of C–OH phenol groups [348]. As-prepared electrochemically oxidized GP 
electrodes containing approx. 18 at% oxygen atoms are highly hydrophilic and do not 









     
 
Figure 7.4. (a) Raman spectra of bare GPs and electrochemically oxidized GPs. (b) XPS 
spectra of bare GPs and electrochemically oxidized GPs. (c) the C 1s and O 1s XPS of 
pure GPs and electrochemically oxidized GPs. 
 
7.4.2 Electrochemical Characterization before EO Treatment 





to test the rate capability of the microdevice (see Fig. 7.5a). Volumetric 
and areal capacitances can evaluate the performance of a supercapacitor more accurately 
compared with gravimetric values for supercapacitors, particularly micro-supercapacitors 
because of the limited active materials mass and footprint area where micro-devices are 
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integrated [44-46]. Because of equipment limitations, the highest scan rates can only 
reach 100,000 mV/s; however, the CV curves at 100,000 mV/s maintains rectangular, 
indicating of a high power rate capacity and a low internal resistance of the microdevice. 
Specific capacitance per volume at different scan rates is shown in Fig. 7.5b. At a scan 
rate of 50 mV s
-1
, the volumetric capacitance reaches approx. 2.1 F cm
-3
 and reaches a 
relatively stable value when scan rates increase above 1,000 mV s
-1
. These values are 
comparable to even higher than the carbon onion-based microsupercapacitors [27]. The 
discharge currents at different scan rates are displayed in Fig. 7.5c, in which a linear 
dependence between the two is obtained up to 100,000 mV s
-1
, indicating of a high power 
for the microdevices. The energy density of GP-based microsupercapacitors before EO 




, because of the low 
voltage window (1 V in this case) despite of similar volumetric capacitances. However, 
the average power density of the microdevices estimated from the inner integrated area 
(current × voltage) [349, 350] reaches approx. 29.1 W/cm
3







Figure 7.5. Electrochemical characterization of the microdevice before electrochemical 
oxidation. (a) CVs of the microdevice at scan rates ranging from 50 mV/s to 100,000 
mV/s. (b) Capacitance as a function of scan rates of the microdevice. GP-based 
microsupercapacitors perform well at high scan rates, like electrolytic capacitors. (c) The 
discharge currents as a function of scan rates of the microdevice. 
 
7.4.3 Electrochemical Characterization after EO Treatment 
GPs prepared by MPCVD are hydrophobic by nature and thus need chemical 
treatment to make them hydrophilic if aqeous electrolytes are to be used. CV plots of GP-
based micro-supercapacitors after EO at different scan rates from 20 mV/s to 50,000 
mV/s with a potential window ranging from 0 to 1 V in 1 M H2SO4 aqueous electrolyte 
are shown in Fig. 7.6a. The CV curves maintain largely rectangular at 1,000 mV/s and 
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show sharper corners with increasing scan rates after EO treatment as compared with 
those before EO, indicating of higher internal resistance after EO. After EO treatement, 
the GP surface wettibility has been largely improved because of the oxgyen-rich 
functional groups grafication, rendering easier access of electrolytes to the surface of GP 
electrodes.  
Figure 7.6b exhibits the calculated volumetric specific capatances of the 
microsupercapacitors as a function of scan rates. At a scan rate of 20 mV/s, the micro-
device shows a volumetric capacitance of approx. 270 F/cm
3
, nearly two orders of 
magnitude higher as compared with the capacitances of microdevices before EO and 
rGO- and onion-based microsupercapacitors, which are smaller than 10 F/cm
3
. The 
micro-device after EO treatment also show fairly good rate capability. At a scan rate of 
10,000 mV/s, the microsupercapacitor exhibit a volumetric capacitance of 75 F/cm
3
 and 
decrease to 16 F/cm
3
 at a scan rate of 50,000 mV/s. High volumetric capacitances of the 
microsupercapacitor are attributed to unique structures of GPs (sharp edges), improved 
surface wettability and part of peudocapacitance from the oxgyen-rich functional groups 
on the surface of the elctrodes introduced by EO treatement. The sharp edges of GP 
enhances the local electric field, allowing more charge to be stored along the edges and 
also speed up ion diffusion due to low energy barriers [188, 342].  
High volumetric capacitances of the microsupercapacitor might also be attributed 
to relatively thin electrodes (approx. 4 µm, see Fig. 7.3d and 7.3e). The volumetric 
capacitances are expected to decrease with increasing GP electrode thickness. Volumetric 
capacitances are reported to decrease with an increasing electrode thickness for carbide-
derived carbon-based supercapacitors [77]. For instance, the capacitance of a 
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supercapacitor with an electrode thickness of 100 µm was measured as 80 F/cm
3
as 
compared with 160 F/cm
3 
for those with a thickness of 2 µm. 
 
Figure 7.6. Electrochemical characterization of the microdevice before electrochemical 
oxidation. (a) CV curves of a microsupercapacitor at different scan rates ranging from 20 
mV/s
 
to 50,000 mV/s. (b) Volumetric capacitances as a function of scan rates of the 
microsupercapacitor. 
 
Rate capability, as determined by galvanostatic constant-current charge/discharge 
studies, is an important factor to evaluate microsupercapacitor performance. Fig. 7.7a 
displays the constant-current discharge curves of as-prepared microsupercapacitors at 
different currents, ranging from 1 µA to 100 µA. The charge/discharge potential window 
ranges from 0 V to 1 V during the tests. Fig. 7.7b contains the calculated volumetric 
capacitances of as-prepared microsupercapacitors at different currents. The microdevice 
exhibited a volumetric capacitance of approx. 270 F/cm
3
. The capacitance of the 
microdevice decreases with increasing discharge currents and reached 110 F/cm
3 
at a 
current of 100 µA. These results agree well with those from CV measurements. 
A comparison of the specific energy and power density (per cm
3
 of the fabricated 
device) for typical electrolytic capacitors, conventional supercapacitors, contemporary 
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microsupercapacitors, and lithium thin-film batteries is given in Fig. 7.7c. To this Ragone 
plot we have added the energy and power densities of the present microsupercapacitors 
after EO treatment. Because of the different current densities applied for both CV and 
galvanostatic constant-current charge/discharge measurements, energy and power 
densities for both electrochemical measurement techniques have been provided for 
comparison. As evident from the Ragone plot, the performance of the GP-based 
microsupercapacitor is noticeable. The micro-meter sized device after electrochemical 
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) at a 
scan rate of 50,000 mV/s. The energy and power densities of the micro-devices are 10 
mWh/cm
3
 and 0.6 W/cm
3
at a current of 1.3 µA, respectively. The power density 
increases to 48 W/cm
3 
and energy density decreases to 4 mWh/cm
3
 at a current of 100 µA.  
The calculated energy and power densities from the two test techniques are 
complementary to each other. As apparent from Fig. 7.7c, the energy and power densities 
calculated from both CV and constant charge/discharge techniques nearly overlap during 
some range with the same current density, indicating that the calculation of the energy 
and power densities from the two measurement techniques agree well with each other. 
The micro-devices exhibit energy densities of nearly 10 mWh/cm
3
, a value almost 10 
times higher than a commercial 3.5V/25-mF supercapacitor and comparable to the upper 
range of a lithium thin-film battery. Additionally, the GP-coated micro-supercapacitor 
delivers a power density of 235 W/cm
3
, which is nearly four orders of magnitude higher 
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than typical lithium thin-film batteries. Compared to contemporary micro-supercapacitors 
listed in the plot, GP-based microsupercapacitors exhibit higher energy densities and 
comparable or  higher power densities. High energy densities can be attributed to the high 
pseudocapacitance after EO treatment. The cited references use organic or ionic 
electrolytes and therefore higher voltage window (>2.5 V), higher than the voltage 
window (1 V) of aqueous electrolyte used in this study. However, the energy and power 
density of as-prepared microsupercapacitors are comparable to and even higher than the 
results from microsupercapacitors based on organic and ionic liquid electrolyte. Aqueous 
electrolytes are used for easy fabrication and low cost and high ion conductivity. 
To understand the noticeable improvement of electrochemical performance of the 
GP microelectrodes after EO treatment, Fig. 7.7e provides a comparison of CV curves of 
GP electrodes for different EO treatment duration of 0, 15 and 30 min at a fixed scan rate 
of 10 mV/s. The shapes of these curves are quasi-rectangular, indicating the presence of 
electrical double-layer capacitance and pseudocapacitance. The area of the CV curve loop 
is directly linked with the specific capacitances of a microdevice. As is clearly shown in 
Fig. 6e, a GP-based microsupercapacitor exhibits a low specific capacitance (mF/cm
2
), 
corresponding to small area of the CV loop. After the microelectrodes were 
electrochemically treated for 15 min, the CV loop covers much larger area as compared 
with pure GP micro-electrodes, corresponding to a capacitance of approx. 90 F/cm
3
 at a 
scan rate of 1,000 mV/s. The capacitance reaches approx. 140 F/cm
3
 after EO treatment 
for 30 min at a scan rate of approx. 1.6 F/cm
3
. Consequently, EO treatment has been 
proved effective to improve the electrochemical performance of the microsupercapacitor. 
Longer EO treatment may possibly be beneficial to increasing specific capacitance of a 
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microdevice in aqueous electrolyte because of the improved electrode surface wettability 
and pseudocapacitance from the oxygen-rich functional groups grafted during EO 
treatment. Similar phenomenon has been reported in functionalized nanotubes or 
nanofibers [351]. However, capacity decrease and series resistance increase has been 
linked with decomposition of the organic electrolyte on activated carbon electrodes 
because of the concentration of surface functional groups and their nature, as 
demonstrated by NMR and X-ray photoelectron spectroscopy techniques [352]. 
Consequently, a trade-off between capacitance and cyclic stability of a supercapacitor 
based on electrodes functionalized with oxygen-rich groups, as been discussed in prior 
work [3, 15]. 
 Cyclic stability is an important factor to evaluate microsupercapacitor 
performance. Life cycle tests over 1500 cycles for the GP-based microsupercapacitor 
device at a current density of 5 mA/cm
2
 were conducted using constant-current 
galvanostatic charge/discharge cycling in a potential window from 0 to 1 V, as shown in 
Fig. 7.7d. The microelectrodes during the cyclic test were electrochemically oxidized for 
30 min. Approx. 1% loss in capacitance over 1500 cycles was observed, illustrating a 
good long-term cyclic stability of the microdevice while maintaining a high specific 
capacitance after EO treatment for 30 min. 
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Figure 7.7. Electrochemical characterization of the microdevice before electrochemical 
oxidation. (a) Constant-current discharge curves of a microsupercapacitor at different 
currents ranging from 1 µA to 100 µA. (b) Volumetric capacitances as a function of scan 
rates of the microsupercapacitor. (c) Comparative Ragone plot of present samples (using 
both CV ―♦‖ and CD ―♦‖ method), typical commercial supercapacitors, Li thin-film 
battery, electrolytic capacitor and other state-of-the-art microsupercapacitors (of ―+‖ [27], 
―─‖ [161], ―▲‖ [120], ―×‖ [157], ―■‖ [27], ―●‖ [46], ―*‖ [158]). (d) Cyclic stability of 
as-prepared micro-supercapacitors over 1500 cycles. (e) Comparative CV scan plot of 






Figure 7.7. Continued.  
 
7.5 Conclusions 
Symmetric GP-based microsupercapacitors have been designed and fabricated by 
conventional optical lithography and reactive ion etching techniques. The 
microsupercapacitors exhibit excellent overall electrochemical performance including 
high areal and volumetric capacitance at ultrahigh charge/discharge rates, high energy 
and power density, and good cyclic stability. As-prepared GP-based 












CHAPTER 8. MODIFIED CARBON NANOTUBE WITH BORON AND NITROGEN 
FOR LITHIUM ION BATTERY ELECTRODES 
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to allow the author to get access to their battery fabrication system (e.g., glove box, oven) 
and testing equipment for the electrochemical characterization of the electrodes. The 
author also thanks Anand David for his generosity to share his knowledge in fabricating 
lithium ion batteries and Dr. Rajib Paul for his willingness to teach the author to fabricate 
BCN samples. The author thanks Dr. Dmitry Zemlyanov for the XPS characterization 
and his training to understand how to analyze XPS data. The author also thanks Dr. 
Sergey Suslov for the TEM characterization of the samples for cyclic studies.  
8.1 Abstract 
 Electrodes based on carbon nanotubes have been modified with boron (B) and 
nitrogen (N) through a facile microwave heating cycle at 20 bar pressure and at elevated 
temperatures near 180°C. During microwave heating, the electrodes are immersed in a 
precursor solution consisting of urea and boric acid dissolved in either water or methanol. 
After microwave heating and overnight vacuum drying, the electrodes are again heated to 
900°C in nitrogen atmosphere for nine hours to remove unreacted chemical and 
formation of CxBN. Hydrogen plasma was then used to remove any residual boron oxide 
from the surface of the electrodes. Carbon nanotubes modified with B and N exhibited 
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higher lithium storage capacity as compared to pure carbon nanotube electrodes. We note 
that the modification appears to produce a highly unexpected and substantial cycle-to-
cycle improvement in battery capacity as the electrode cycles through hundreds of 
charge-discharge iterations. Further, this process can be applied to other carbon-based 
electrodes, which themselves are recognized for their high performance, to add 
substantial, further improvements. 
 
8.2 Introduction 
Rechargeable Li ion batteries with high energy and power density, long cycling life, 
high charge–discharge rate (1C – 3C) and safe operation are in high demand as power 
sources and power backup for hybrid electric vehicles and other applications [28, 218-
223]. Nanostructured electrodes have been introduced to address the limitations of bulk 
crystalline expansion to further improve power and energy density of lithium ion batteries. 
Other advantages of developing nanomaterials for electrodes include better 
accommodation of the strain of lithium insertion/removal to improve cycle life, higher 
electrode/electrolyte contact area leading to higher charge/discharge rates, and shorter 
path lengths for electronic transport and Li ion transport contributing to higher power.  
However, associated disadvantages include increase in undesirable 
electrode/electrolyte reactions due to high surface area leading to self-discharge, inferior 
packing of particles leading to lower volumetric energy densities unless special 
compaction methods are developed and potentially more complex synthesis [324]. 
Recently many efforts have been dedicated to designing new nanomaterials for anodes 
[228, 243, 244, 353, 354], cathodes [224, 355, 356] and electrolytes [357-359] of lithium 
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ion batteries. Among these, carbon nanomaterials such as 1D carbon nanotubes [236, 237, 
360] and 2D graphene nanosheets [241, 242] have attracted much interest because of 
their good cyclic stability and safety as electrodes for lithium ion batteries. Moreover, 
carbon nanomaterials with high surface area could serve as an electrically conductive 
percolation network on the nanoscale to support semiconducting nanoparticles (e.g., Si, 
Ge and Sn) [229, 232, 361]. Such a network could achieve fast electron transfer and rely 
upon shorter lithium diffusion lengths within the semiconductor nanoparticle. 
Free-standing electrodes in lithium ion batteries maintain bifunctionality (i.e., a role 
as both the active material and current collector). They have the following advantages: i) 
potential high temperature applications because of no binder involved in fabrication of 
these electrodes, opening up the possibility for use in battery applications in excess of 
200 °C (a temperature at which most conventional binders are unstable). ii) lightweight, 
flexible geometry for thin film batteries. iii) free-standing scaffold for high-capacity 
semiconductors to achieve high capacity and good cyclic stability. iv) increased usable 
capacity by removal of the inactive copper foil [247]. Existence of copper substrate 
decreases depth of charge/discharge of the electrodes because prolonged cycling below 
2.5 V leads to oxidation of the copper substrate [248]. Eliminating metal foil substrates 
can possibly mitigate cyclic stability issues. Hence, developing free-standing carbon 
anodes is promising to achieve lithium ion batteries with high capacity, energy and power 
densities. 
Reversible lithium ion capacities of free-standing SWCNT electrodes are generally 
reported between 400–460 mAh/g for purified materials at a low charge and discharge 
current density (e.g., 20 mA/g) [249-251]. Free-standing MWCNT papers have also been 
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fabricated for lithium ion battery electrodes [254], although with slightly reduced 
mechanical properties than free-standing SWNT papers. The SEI layer formation in the 
first discharge cycle was observed around 0.8 V and the irreversible capacity loss is less 
than that of free-standing SWNT papers. As-prepared MWCNT papers exhibited a 
reversible a reversible discharge capacity of approx. 200 mAh/g at a discharge current 
density of 74 mA/g [254]. Free-standing graphene foam loaded with loaded with lithium 
iron phosphate was reported with a specific capacity of 70 mAh/g at a current density of 
1280 mA/g. Flexible free-standing graphene paper has been fabricated for lithium ion 
battery electrodes, with a reversible discharge capacity of 301 mA h/g was after 10 cycles, 
or 30% of the initial discharge capacity (the theoretical capacity of graphite is 372 
mAh/g). 
B-C-N has been synthesized using various methods in prior work, including r.f. 
plasma-enhanced pulsed laser deposition [362], magnetron sputtering  [363],  ion beam 
sputtered deposition [364], and chemical vapor deposition [365]. Recently, a microwave-
assisted chemical substitution reaction to replace carbon atoms with boron and nitrogen 
to form an oxygen-resistant layer of B-C-N on the surface of pitch-derived graphitic 
carbon foam was reported. 400 W microwave treatment for 5–30 minutes was used to 
accelerate foam surface modification by 12–15 times in comparison to thermal treatments 
[366]. Vertically aligned BCN nanotubes (VA-BCNs) on a Ni/Fe-coated SiO2/Si 
substrate from a melamine diborate precursor have been synthesized for supercapacitor 
electrodes. VA-BCNs show a specific capacitance (321.0 F/g) with good rate capability 
and high durability with respect to nonaligned BCN (167.3 F/g) and undoped multiwalled 
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carbon nanotubes (117.3 F/g) due to synergetic effects arising from the combined co-
doping of B and N in CNTs and the well-aligned nanotube structure. 
In the present work, free-standing MWCNT papers have been modified by B and N 
by a facile micro-waved assisted heating at elevated temperature 180 °C. The microwave 
treatment was followed by high-temperature annealing in an inert N2 atmosphere. The 
annealed sample was subsequently placed in a highly reductive H2 plasma atmosphere to 
further remove boric oxide. As-prepared electrodes were used for coin-type lithium ion 
battery electrodes. The schematic of the half-cell based on the B and N modified 







Figure 8.1. Schematic of the half cell based on Li foil negative electrode and CBN 
positive electrode.  
 
8.3 Experimental 
 Commercial buckypaper (Nanocomp Technologies, Inc., USA), was washed in 6 
M HNO3 for 15 min to eliminate the residuals and surfactant before boron and nitrogen 
modification. A 400 W microwave heating treatment for 5–30 minutes was used to 
accelerate the surface modification of carbon through BN incorporation by 12–15 times 
in comparison to only thermal treatments, due to activation of reagents through phase 
change and localized heating induced by microwave irradiation. 
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Figure 8.2. Schematic synthesis procedure of B-C-N foam from free-standing MWCNT 
paper. 
 
A schematic of the synthesis procedure of B-C-N foam from free-standing 
MCWNT paper is shown in Fig. 8.2. Homogeneous solution of boric acid [B(OH)3 ] and 
urea [CO(NH2)2] in 1:24 molar proportion (0.5 g and 12 g respectively) in 40 mL 
methanol was prepared. Free-standing MWCNT paper immersed in the foregoing 
solution was placed into a quartz vial (2-5 mL) inside a microwave synthesizer (Biotage 
Initiator, NC, USA) for treating with microwave irradiation at 20 bar pressure and 180 ° 
C temperature using 400 W power (2.45 GHz) for 30 min. The synthesis parameters were 
controlled automatically by the instrument to maintain the pressure and temperature 
inside the vial. After chemical treatment, samples were vacuum dried for 12 hours using a 
vacuum desiccator. The dried samples were heat treated at 900°C for 9 h in continuous 
N2 gas (30 psi) flow. In order to remove the residual boric oxide on the surface of the 
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samples after annealing at high temperature, H2 plasma with a power of 150 W was used 
to treat the samples before being used for coin-type cell fabrication. The MPCVD system 
described in Chapter 4 was used to provide H2 plasma with a chamber pressure 10 Torr at 
room temperature. 
A Hitachi S-4800 field emission scanning electron microscope (FESEM) operated 
at 5 kV was used to study sample surface morphology before and after the BN 
modification. A FEI Titan 80-300 operated at 300 kV was utilized for a high-resolution 
transmission electron microscopy (HRTEM) to characterize structure of the chemically 
modified MWCNT papers before and after the charge/discharge tests. XPS was used to 
assess the effects of annealing temperature on the B-C-N stoichiometry, residual oxygen 
content, as well as the removal of unreacted chemicals originating from boric acid and 




A flow chart of the fabrication and battery test process is shown in Fig. 8.3. Coin 
type cells, CR2042 cells were fabricated in the glove box filled with Ar atmosphere. 
Commercial electrolyte which was 1 M of LiPF6 dissolved in 1:1:1 volume ratio of 
ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC) was 
applied between anode and cathode in the cell. Two sheets of microporous membrane of 
separators (Celgard 2500, Celgard) were placed between anode and cathode during cell 
fabrication to avoid the shorting problem caused by dendrite formation during 
charge/discharge cycling. Lithium foil was used as the negative electrode. Free-standing 
MWCNT buckypaper modified with boron (B) and nitrogen (N) and punched to a 
circular disk with a diameter of 12 mm was used as the positive electrode. The weights of 
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the B and N modified buckypaper was measured by a microbalance with an accuracy of 1 
µg. Then the coin-type cells were tested on BST8-WA, an 8-channel battery analyzer 
with a current range from 0.002 to 1mA and a voltage range from 0 V to 5 V, with a 
current accuracy of ± (0.05% of reading + 0.1% of range) and a voltage accuracy of ± 
(0.05% of reading + 0.1% of range). Flow chart of the fabrication and battery test process 
is shown in Fig. 8.3. 
 
Figure 8.3. Fabrication and testing process of coin-type lithium ion batteries. 
 
 
8.4 Results and Discussion 
8.4.1 Nanostructure Characterization 
 
The SEM morphology of the free-standing MWCNT paper before and after the 
treatment B and N modification is characterized by SEM, shown in Fig. 8.4. MWCNTs 
with a diameter ranging from several nanometers to tens of nanometers are randomly 
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entangled together. No notable morphology differences are observed from the MWCNTs 




Figure 8.4. SEM characterization of MWCNT paper (a) before (b) after B and N 
modification. 
 
TEM characterization of the carbon nanotubes after B and N treatment is shown 
in Fig. 8.5. The number of carbon nanotube walls ranges from 10 to 50, with a space of 
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approx. 0.34 nm between two adjacent graphitic walls. Some of the walls are not 




Figure 8.5. SEM characterization of MWCNT paper (a) before (b) after B and N 
modification. TEM characterization of MWCNTs after the BN modification. 
 
XPS is to find out the chemical content of B and N in the modified MWCNT 
paper before and after H2 plasma cleaning (see Fig. 8.6).  The B and N modified 
MWCNT paper contains approx. 1.24 at% B, 1.34 at% N and 2.83 at% O. After H2 
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plasma reduction of the chemically treated samples by MPCVD, the content B, N and O 








Table 8.1. Boron and nitrogen content distribution of boron engaged in B-O, B-N, and B-










Before H plasma 
reduction 
1.24 94.59 1.34 2.83 
After H plasma 
reduction 
0.68 96.99 0.87 1.46 
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8.4.2 Electrochemical Characterization 
The open-circuit voltages of the half cells based on BN modified MWCNT paper 
electrodes are in the range of 2.78 V to 2.81 V. The electrochemical performance of the 
BCN electrodes for lithium ion battery applications is characterized by galvanostatic 
charge/discharge measurements in a Li half-cell at a constant current rate of 25 mA/g. 
The constant discharge current for the first 15 cycles was 50 mA/g, corresponding to 0.13 
C (1 C is the charge/discharge rate to fully discharge the theoretical capacity of graphite, 
372 mAh/g in one hour). Comparison of the first discharge behavior of lithium ion 
batteries based on pure BP, BN modified BP with and without H2 plasma cleaning using 
1 M LiPF6 electrolyte as electrolyte at a constant current density of 50 mA/g between 
0.02 V and 2.5 V vs. Li/Li
+
 is shown in the Fig. 8.7.  A representative plateau ranging 
from 0.75 to 0.9 V is observed, indicating the formation of SEI during the first discharge 
cycle [237, 367-369]. The irreversible capacity loss because of the formation of SEI 
during the first discharge cycle was tremendous for carbon nanomaterial electrodes [247]. 
Fig. 8.7 shows that chemically modified BP electrodes exhibits more plateau than pure 
BP samples and after H2 plasma cleaning, this phenomenon becomes more obvious.  The 
capacity loss of modified BP electrodes after H2 plasma reduction is nearly twice that of 
the pure BP. This may be attributed to the change of material chemistry after 
modification of B and N on the electrode surface, since the morphology and composition 
of the SEI are strongly dependent on the electrode/electrolyte chemistry [368, 370-372]. 
The first-cycle discharge capacity of BCN after cleaning was over 2500 mAh/g, as 
compared with approx. 1500 mAh/g and 2000 mAh/g for pure BP and CxBN without H2 




Figure 8.7. The first discharge behavior of BN modified MWCNT paper electrodes with 
1 M LiPF6 electrolyte in dissolved in 1:1:1 volume ratio of ethylene carbonate (EC), 
dimethyl carbonate (DMC) and diethyl carbonate (DEC). 
 





 cycle) for pure BP, CxBN with H2 plasma reduction and CxBN without H2 plasma 
reduction at a current rate of 50 mA/g between 2.5 V and 0.02 V vs. Li/Li
+
 in a 1 M 
solution of LiPF6 in a 1:1:1 (v/v) mixture of EC, DMC and DEC as the electrolyte. The 
reversible discharge capacity of CxBN after H2 plasma reduction reaches 375 mAh/g at a 
current density of 50 mA/g, as compared with approx. 360 mAh/g and 270 mAh/g for 
CxBN before H2 plasma reduction and pure BP electrode, respectively. Capacity decays 
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with increasing cycle numbers with all three electrodes. However, CxBN before H2 
plasma reduction shows more decay within 15 cycles than the other two electrodes, 
which might be associated with higher content of boric oxide on the surface of the 
samples. 
 




 cycle) for 
pure BP, CxBN with H2 plasma reduction and CxBN without H2 plasma reduction at a 
current rate of 50 mA/g between 0.02 V and 2.5 V vs. Li/Li
+
 in a 1 M solution of LiPF6 
in a 1:1:1 (v/v) mixture of EC, DMC and DEC as the electrolyte. 
 





 cycle) for pure BP, CxBN with H2 plasma reduction and CxBN without H2 plasma 
reduction between 2.5 V and 0.02 V vs. Li/Li
+
 in a 1 M LiPF6 electrolyte. The discharge 
capacity of the three electrodes for the first 15 cycles with a current density of approx. 
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0.13 C has been discussed in Fig. 8.7 and 8.8. Pure BP and CxBN without H2 plasma 
reduction exhibits a reversible capacity at 1C of approx. 65 mAh/g and 70 mAh/g, 
respectively for the 16
th
 cycle and underwent slight decay during the following 
charge/discharge cycles. Meanwhile, CxBN after H2 plasma reduction exhibits a 
discharge capacity of approx. 125 mAh/g at 1 C discharge rate, nearly twice of those of 
pure BP and CxBN without H2 plasma reduction. The discharge capacity gradually 
increases from the 25
th 
cycle to over 300 mAh/g (based on the overall mass of the 
electrodes materials) at approx. the 1000
th
 cycle, reaching a maximum point. After the 
1000
th
 cycle, the discharge capacity decreases to approx. 160 mAh/g after 2000 cycles. 
The discharge capacity of CxBN electrodes with H2 plasma reduction began to decrease 
at approx. 1000 cycles, when the accessible surface of host materials for Li ions has 
reached a maximum value. 
The unexpected phenomenon of increase of discharge capacity with increasing 
cycle number may be explained from the structural changes of the electrodes and Li ion 
diffusion during cycle-to-cycle charge/discharge process. Li ion 
interaction/deintercalation at relatively high charge/discharge rates (1 C) leads to 
mechanical stress in the host material lattice [373-375], which possibly breaks the B-C-N 
bonds because of the difference in electronegativity, opening ―windows‖ for Li ions to 
penetrate into inner walls of CNTs, resulting in higher charge/discharge capacity. The 
nature of this process depends on time and accumulation of stress during many cycles of 
charge/discharge at a high rate. Moreover, the hydrogen plasma reduction process after B 
and N modification to remove oxide may introduce defects, which may also facilitate Li 
ions penetrating into inner walls of the tubes. 
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The phenomenon of increase in capacity with cycle number has been reported in 
N-doped multiwall carbon nanotubes as electrodes for lithium ion batteries. Nitrogen-
doped carbon nanotubes contain wall defects through which lithium ions can diffuse so as 
to occupy a large portion of the interwall space as storage regions [376]. Another report 
of long-cycle performance of aligned multiwalled carbon nanotubes directly synthesized 
on stainless-steel foil as an anode material in lithium battery indicates that the specific 
capacity starts 132 mAh/g in the first cycle at a current rate of 1 C, the specific capacity 
increased to a value of 460 mAh/g after 1200 cycles. The phenomenon was attributed to 
repeated Li intercalation/deintercalation process gradually disrupting the nanotubes 
preferably at the lattice defects, leading to their breakage [377]. However, the 
phenomenon of increase in capacity with cycle number was not observed in the pure BP 
electrode in our experiments. The phenomenon of gradual breakdown of pure carbon 
nanotube electrodes reported in ref. [377] may depend on chemistry and structures of 
nanotubes (e.g., synthesis method, defects, functional groups, post-treatment et al.).  
Three samples of CxBN electrodes with H2 plasma reduction has been tested as 
lithium ion battery electrodes. We have observed this phenomenon of increase in capacity 
with increasing cycle number in all the three samples. Typical variation in discharge 




 cycle) for sample #2 shows that the 
maximum point for discharge capacity approx. 380 mAh/g at 1C discharge rate, 
approaching the theoretical Li capacity of 372 mAh/g for graphite. The discharge 




 cycle) for a typical sample is displayed in 
Fig. 8.10 for better comparison, in which a maximum capacity was observed around 560
th
 
cycle with a discharge capacity approx. 380 mAh/g at 1C discharge rate (see Fig. 8.10b).  
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 cycle) for 
pure BP, CxBN with H2 plasma reduction and CxBN without H2 plasma reduction 
between 0.02 V and 2.5 V vs. Li/Li
+
 in a 1 M solution of LiPF6 in a 1:1:1 (v/v) mixture of 
EC, DMC and DEC as the electrolyte. Discharge current density for the first 15 cycles is 












for another typical CxBN without H2 plasma reduction between 0.02 V and 2.5 V vs. 
Li/Li
+
 in a 1 M solution of LiPF6 in a 1:1:1 (v/v) mixture of EC, DMC and DEC as the 
electrolyte. (a) Discharge current density for the first 15 cycles is approx. 0.13 C (50 
mA/g) and 1 C (372 mA/g) for the rest of the cycles. (b) The maximum capacity at 
approx. 560
th
 cycle with a discharge capacity of approx. 380 mAh/g.  
 
The coulombic efficiency of a typical as-prepared CxBN electrode after H2 plasma 
reduction is displayed in Fig. 8.11, in which the coulombic efficiency of the first cycle is 
lower than 20% because of capacity loss due to the SEI layer formation. The values 
gradually increase from the 2
nd
 cycle (63%) to the 17
th
 cycle (approx. 95%) and then 
approach to 100% for the rest of cycles, indicating a high efficiency of the charge storage 
and release with little side reaction during the process of Li ion breaking at the C, B and 
N boundaries, opening windows for Li ions to penetrate into inner layers of carbon 
nanotubes.  
While the foregoing results are very encouraging, the number of samples tested to 
date is small. The reason for the lack of more complete repeatability data derives from the 
long duration required for high-cycle battery testing—particularly for electrodes that 
exhibit high capacity. Given the foregoing considerations, we have conducted 
preliminary experiments on nominally duplicate samples, and the early results are shown 
(a) (b) 
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in Appendix E 4. We note that these preliminary results corroborate the findings 
presented here; therefore, the performance may be intrinsic to the electrode material, and 
not to uncontrolled variations in material integration and device packaging. 
 
 
Figure 8.11. The coulombic efficiency of a typical as-prepared CxBN electrode after H2 
plasma reduction over 2000 cycles.  
 
8.4.3 Characterization after Long-term Cycling 
Electrodes were disassembled after 2000 electrochemical cycles and washed with 
acetonitrile and diluted HCl solution to remove the SEI layer. TEM characterization (see 
Fig. 8.12) elucidates the structural changes of the CxBN electrodes after long-term 
cycling. Fig. 8.12 (a) - (c) displays typical tubes with broken ends and Fig. 8.12d shows a 
tube with unzipped sidewalls. These structural changes of the tubes after long-term 
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cycling indicate that during the charge/discharge process, cyclic Li ion 
intercalation/deintercalation may cause mechanical stress and eventually break the tube 
structures, allowing more Li ions to penetrate into inner walls of the CxBN tubes. Fig. 
8.12e and 8.12f clearly demonstrate that Li ions have penetrated into inner walls of the 
tubes (arrow indicated) with some of the graphitic layers damaged or distorted. The 
structural changes may provide evidence for the cycle-to-cycle capacity improvement 
during many charge/discharge cycles.  
 
 
Figure 8.12. HRTEM characterization of the CxBN electrodes after 2000 electrochemical 
cycles. (a) - (c) Typical TEM images of broken ends of CxBN tubes after long-term 
cycling. (d) Unzipped CxBN tubes. (e) - (f) HRTEM images of CxBN tubes with broken 
ends and lithium intercalation between inner walls. 
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EELS characterization was carried out to further elucidate the enhanced 
electrochemical performance of the CxBN electrodes. Fig. 8.13 displays TEM bright field 
image, carbon, boron, nitrogen and lithium maps, respectively.  Fig. 8.13b shows carbon 
framework in the chemically modified electrodes. Fig. 8.13c reveals the distribution of 
boron and nitrogen in the shape of islands along the CxBN tubes. Interestingly, these B 
and N islands are embedded in the carbon lattices with clear boundaries. Fig. 8.13e 




Figure 8.13. EELS characterization of the CxBN electrodes after 2000 electrochemical 
cycles. (a) Bright field TEM image of CxBN electrodes. (b) - (e) Carbon, boron, nitrogen 




Electrodes based on carbon nanotubes have been modified with boron and 
nitrogen through a facile microwave heating cycle at 20 bar pressure and at an elevated 
temperature near 180°C. During the microwave heating, the electrodes are immersed in a 
precursor solution consisting of urea and boric acid dissolved in either water or methanol. 
The chemically treated CxBN samples were used as lithium ion battery electrodes. The 
results show that chemical modification of B and N enhanced electrochemical 
performance of carbon nanotube electrodes and reduction of the CxBN electrodes in 
hydrogen plasma atmosphere may remove oxide and introduce some defects, which allow 
Li ions possibly penetrate into inner walls of CNTs at 1C rate, resulting in cycle-to-cycle 
improvement in capacity over long-term charge/discharge cycling. 
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CHAPTER 9. SUMMARY 
 
The present work focuses on synthesis of graphene-based electrode materials, 
particularly graphitic nanopetals, for the application in electrochemical energy storage 
such as macro-supercapacitors, micro-supercapacitors and lithium ion batteries. Different 
nanoarchitectures based on graphitic petals and pseudocapacitive materials (e.g., 
transitional metal oxide or conducting polymers) have been designed to maximize the 
electrochemical energy storage performance.  
9.1 Contributions 
The original contributions of the present work include the synthesis of graphitic 
nanopetals on insulating substrates and composite electrodes materials based on these 
nanopetals for electrochemical energy storage applications. The key findings include: 
 Controlled thin graphitic petal growth on oxidized silicon for micro-
supercapacitor application.  
 Designing flexible MnO2/GP/BP composite electrodes for macro-
supercapacitors. 
 Designing flexible CC/GP/PANI electrodes and fabricating two-terminal all-
solid-state flexible supercapacitor devices based on polymer gel electrolyte. 
Practical demo to light an LED using charged supercapacitors.  
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 Designing and fabricating ultra-fast on-chip micro-supercapacitors based on 
aqueous electrolytes and polymer gel electrolytes.  
 Electrochemical characterization of as-prepared microsupercapacitors.  
 Modification of carbon nanotubes with boron and nitrogen atoms using a 
microwave assisted facile heating and their application in lithium ion batteries.  
 Electrochemical and structural characterization of as-prepared boron and 
nitrogen modified carbon nanotube electrodes.  
The key experimental developments include: 
 Diagnosis of a system for fabricating and testing coin-type lithium ion batteries. 
 Setup and diagnosis of a testing system for supercapacitor characterization. 
9.2 Recommendations 
Presently, several other GP-based electrodes have been designed and 
preliminarily tested. More systematic characterization needs to be done. Ordered 3-
dimensional electrode materials need to be designed to further improve energy and power 
densities of the energy storage devices. Micro-supercapacitors can be designed by using 
the scribing method on insulating substrates. Polymer gel electrolytes based on ionic 
liquids can significantly increase the working voltage and thus increase energy and power 
density of supercapacitor devices. The use of such polymer gel electrolytes can also 
simplify fabrication and packaging process without using glove box. Flexible micro-
supercapacitors based on polymer gel electrolyte can be fabricated by peeling off and 
transferring the electrodes from stiff substrates. Thermal management of on-chip micro-
supercapacitors can be an interesting topic to explore. More graphitic petal-based 
electrodes combined with Si can be designed in the future as anodes for lithium ion 
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batteries. LiCoO2 or LiFePO4 can be coated on graphitic petal-based composites as 
lithium ion battery cathodes. The GP-based materials can be conducting scaffold for the 
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Appendix A. Supporting Information for Controlled Thin GP Growth on Oxidized 
Silicon Substrate 
Appendix A contains figures as supporting information for controlled thin GP 
growth on oxidized silicon substrate and some material here has been published in ref. 
[30].  
 
Figure A 1. Side-view SEM image of GPs grown on Ti-coated Si substrates by MPCVD. 




Figure A 2. GPs grown on bare silicon substrates (side-view SEM images). No 
nanocones with sizes of hundreds of nanometers were observed on the substrates. 
             
 





Figure A 4. GPs grown along scratches at a low magnification by MPCVD. 
 
 




Figure A 6. GPs grown along one of the scratches by MPCVD on oxidized silicon 
substrates.  
 
Figure A 7.  Higher magnification of the area indicated by the red box in Figure A 6 





Figure A 8. Side-view SEM images of nanocone arrays grown on the oxidized silicon 
substrates. 
 





Appendix B. Supporting Information for Manganese Oxide and GP-based 
Supercapacitor Electrodes 
Some of the material in Appendix B has been published in Journal of Power Sources [31]. 
System calibration:  
MWCNT paper was used as an electrode to compare the capacitance value with 
the reported literature. The derived capacitance for MWCNT electrode in 1 M Na2SO4 
aqueous electrolyte is 27 F/g at 2 mV/s, agreeing well with the reported literature [321].  
 
Figure B 1. Cyclic voltammetry curves of the pure BP composites at different scan rates 
in 1 M Na2SO4 aqueous electrolyte. 
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BP and BP+GP in 1 M H2SO4 aqueous electrolyte 
Both BP and BP+GP electrodes were electrochemically characterized using 1 M H2SO4 
aqueous electrolyte. The results indicate that the specific capacitance of GP/BP (based on 
total mass of the two components) calculated at 2 mV/s is 71 F/g, which is approximately 
70% higher than that of bare BP in 1 M H2SO4 aqueous electrolyte. The similar 
improvement was observed for 1 M Na2SO4 aqueous electrolyte, as described in Chapter 
5, indicating the advantages of adding GPs in the electrodes. 
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Figure B 3. Specific capacitances of pure BP and BP+GP at different scan rates in 1 M 





Figure B 4. Specific capacitances of Sample #2 of MnO2/GP/BP at different scan rates 




Figure B 5. Specific capacitances of  Sample #3 of  MnO2/GP/BP at different scan rates 










Some of the material in Appendix C has been published in ref. [30] or accepted for 
publication [323]. 
 
Fabrication and Characterization of GPs on Carbon Cloth Microfibers 
Commercial carbon cloth (CC, Fuel Cell Earth LLC), washed in 6 M HNO3 for 
30 min to eliminate the ashes or residuals and dried in N2 at 100°C overnight, was used 
as the substrate to grow graphitic petals through microwave plasma chemical vapor 
deposition (MPCVD). The MPCVD system used for GP synthesis in this study has been 
previously described in detail in Chapter 4 [30]. A schematic diagram of the chamber for 
the growth process is shown in Figure C 1 [30]. Unlike horizontal graphene growth by 
thermal CVD, GP growth is catalyst-free and requires a plasma environment. The plasma 
source is a 2.45 GHz frequency microwave power supply with variable power. Carbon 
cloth substrates, elevated 15 mm above a 55-mm-diameter Mo puck by ceramic spacers, 
were subjected to MPCVD conditions of H2 (50 sccm) and CH4 (10 sccm) as the primary 
feed gases at 30 Torr total pressure and 600 W plasma power. The GP growth time was 
25 min. This plasma is sufficient to heat the samples from room temperature up to approx. 
1000°C, as measured by a dual-wavelength pyrometer (Williamson PRO 92).  
                                                 
4 Some content in Appendix C is reproduced from Ref. [323] with the permission of John Wiley and Sons. 
226 
 
Figure C 1. Schematic diagram of the MPCVD chamber, reprinted with permission from 
ref. [30]. 
 
All-solid-state Flexible Supercapacitor Device Assembly 
First, 6 g H2SO4 was mixed with 60 ml deionized water, and then 6 g PVA 
powder (molecular weight 89,000-98,000, 99% hydrolyzed, Sigma-Aldrich) was added. 
The mixture was heated steadily from room temperature to approx. 90 °C under vigorous 
stirring until the solution became clear. The dilute polymer electrolyte solution was 
cooled to room temperature to obtain H2SO4-polyvinyl alcohol (PVA) polymer 
electrolyte. Then, two pieces of CC/CPs/PANI nanocomposite sheets (each size ~ 0.5 cm 
× 2.0 cm, with the edge of one side glued with silver paste for a good electrical contact) 
were immersed in the dilute polymer electrolyte solution (the part glued with silver paste 
was kept out of the solution) for 30 min. The dilute solution soaked and penetrated the 
porous electrodes well and formed a coating layer on the surface of the electrodes. Then 
the electrodes with the electrolyte solution coating on were left in a fume hood at room 
temperature for 4 h to evaporate the excess water. After the H2SO4-PVA electrolyte 
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became solidified, the two electrodes were tightly pressed together into one integrated 
unit with a thin layer of viscous polymer electrolyte between them as an adhesive. Silver 
paste was used to connect three individual supercapacitor devices in series to form a 
supercapacitor group to light a green LED.  
Coating Polyaniline (PANI) by Electropolymerization Method onto GPs Grown on 
CC  
GPs prepared by MPCVD in the presence of H2 plasma are highly graphitic and 
thus hydrophobic. In order to conformally coat GP and pure CC surfaces with a thin layer 
of PANI film, prior to electropolymerization process, we treated pure CC and CC/GPs 
with concentrated acid H2SO4/HNO3 (3/1 v/v) overnight to functionalize their surfaces 
with oxygen-rich functional groups to make them hydrophilic. The sample was 
thoroughly washed in deionized water until the pH value was approx. 7. The three-
electrode system for PANI electropolymerization was constructed with a Pt mesh as a 
counter electrode, Ag/AgCl as a reference electrode and CC or CC/GPs as a working 
electrode. The solution for electropolymerization was 0.5 M H2SO4 and 0.05 M aniline. 
PANI was in situ electropolymerized on electrodes at a constant potential of 0.8 V versus 
Ag/AgCl for 30 s, 2 min, 5 min, 8 min, 10 min, 15 min to 20 min. Figure A 5 shows the 
SEM morphologies of PANI coated on GPs for 5 min, 10 min and 20 min, indicating that 
the mass of PANI can be controlled by the electropolymerization time. After the 
polymerization process, the as-prepared composite film was washed in deionized water 
and then dried at 80 °C over 2 hours.  
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Figure C 2. SEM morphology of PANI coated on CC/GPs for different 
electropolymerization times: (A) 5 min, (B) 10 min, and (C) 20 min. 
 
Current vs. Time during PANI Electropolymerization  
Figure A 3 displays current as a function of electropolymerization time at 0.8 V vs. 
Ag/AgCl for both CC and CC/GPs substrates. The result indicates that more aniline 
monomers participate in the polymerization process on CC/GPs substrates with higher 
specific surface area, leading to higher current and more change transfer as compared to 
pure CC substrates.  
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Figure C 3. Current as a function of time during the PANI electropolymerization process 
for both pure CC and CC/GPs substrate.  
 
Uniform and Large-area GP Growth on Flexible CC Substrates 
Figure A 4 displays uniform and large-area GP coverage on CC substrates by a 
MPCVD process. Figure A 1A and A 1B display CC/GPs at low magnification. Figure A 
1C and A 1D show nanopetal structures on carbon microfibers, in which GPs with sharp 







Figure C 4. Uniform and large-area coverage of GPs on flexible CC substrates. 
 
Internal Resistance of a CC/GPs/PANI Electrode in 1 M H2SO4 Electrolyte 
Internal resistance can be determined from the initial voltage drop (VIR) of the 
discharge curves. Figure A 5A provides galvanostatic constant-current charge/discharge 
curves of a CC/GPs/PANI electrode at high current densities, from which VIR can be 
calculated at different discharge current densities. Figure A 5B demonstrates that the VIR 
increases nearly linearly with increasing current densities. At a high current density of 
100 A/g, the VIR is approximately 0.12 V, corresponding to a low internal resistance of 




Figure C 5. (A) Galvanostatic constant-current charge/discharge curves of a 
CC/GPs/PANI electrode at high current densities. (B) IR drop of a CC/GPs/PANI 
electrode in 1 M H2SO4 electrolyte. 
 
Flexibility Demonstration of Solid-state Devices under Highly Strained Conditions 
Figure A 6 shows CV curves for a flexible supercapacitor device from 0V to 0.8 
V under highly strained conditions (e.g., bent and twisted). The obtained CV curves 
almost overlap, indicating little degradation during the test. The digital images are shown 





Figure C 6. (A) CV curves at 5 mV/s for a flexible supercapacitor device based on 
CC/GPs/PANI electrodes; (B) normal, (C) bent, and (D) twisted.  
 
 
Cyclic stability of the flexible supercapacitors under highly strained testing 
situations 
These samples were first repeated folded and twisted for 100 times manually and 
then maintained highly strained situation during cyclic stability testing (bent and twisted) 
to mimic practical use in flexible situation. The cyclic stability data of the flexible 




Figure C 7. Cyclic stability of the all-solid-sate supercapacitors under repeated flat/folded 
and flat/twisted situations. These samples were first repeatedly folded and twisted for 100 
times manually and then maintained highly bent (A) and twisted (B) during cyclic 
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where C is the specific capacitance in F/g; s is the scan rate in V/s; M can be mass, 




, respectively; Vh and Vl are 
high and low potential limits of the CV tests in V; I is the instantaneous current in CV 
curves; and V is the applied voltage in V. 
(2) Specific capacitances derived from galvanostatic charge/discharge tests are calculated 
from [38]:
 





where Id is the discharge current in A, and   is the slope of the discharge curve after the 
IR drop. 
(3) The internal resistance R (in Ω) was determined from the voltage drop at the 
beginning of a discharge curve by [39]:  
/ 2IR dR V I   (C-3)
 
where ΔVIR is the voltage dropped across the internal resistance in V.  
(4) Specific energy (E) and specific power (P) derived from galvanostatic 




























where V is the applied voltage in volts and ∆t is the discharge time in seconds. Pmax is the 
maximum power density. 
(5) The coulombic efficiency (η) of a battery is the ratio of the number of unit charge 
input into the battery during charging compared to the number extracted from the battery 
during discharging. Losses in coulombic efficiency are primarily due to the losses in 
charge because of other redox reactions in the battery. The coulombic efficiency 








where i is the applied current during galvanostatic charge and discharge. 
 
 
Sample #2 (sample #1 is displayed in Chapter 6): CV curves for a hybrid 
CC/GPs/PANI composite electrode (5 min of PANI electropolymerization) at scan rates 
of 2, 10, 50 and 100 mV/s with potential windows ranging from 0 to 0.8 V vs. Ag/AgCl 
in 1 M H2SO4 aqueous electrolyte. 
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Figure C 8. CV curves for a second hybrid CC/GPs/PANI composite electrode.  
 
Sample #3: CV curves for a hybrid CC/GPs/PANI composite electrode (5 min of 
PANI electropolymerization) at scan rates of 2, 10, 50 and 100 mV/s with potential 
windows ranging from 0 to 0.8 V vs. Ag/AgCl in 1 M H2SO4 aqueous electrolyte. The 




Figure C 9. CV curves for sample #3 of hybrid CC/GPs/PANI composite electrode in 1 





Appendix D. Supporting Information for GP-based Microsupercapacitors 
Steps to pattern photoresist AZ9260 on samples: 
(1) Spin coating (spin coater in the clean room) 
− Step one: RAMP 5~6 s, RPM 1000, Dwell 30s  
− Step two: 5~6 s, RPM 0.  
(2) Let it sit for 5 to 10 min (to make sure the PR at the edge smooth)  
(3) Bake on hotplate for 90 °C for 10 min.  
(4) Expose 30s @ 23 mW. Mask aligner II (10 mW, 69 s)  
(5) Develop AZ 400 K (1:4) for 1~2 min or (1:3) for 1 min.  
Steps to pattern photoresist AZ9260 on samples: 
(1) Spin coating (spin coater in the clean room) 
− Step one: RAMP 5~6 s, 3000 rpm, Dwell 30s;  
− Step two: 5~6 s, RPM 0.  
− Step three: bake it at 120 C for 1 min.  
(4) Expose 30s @ 23 mW. Mask aligner II (10 mW, 69 s) 
(5) Develop AZ 400 K (1:4) for 1~2 min or (1:3) for 1 min.  









Figure D 1. CVs of the microdevice before electrochemical oxidation at scan rates 
ranging from 10 V s
-1
 to 100 V s
-1







Figure D 2. CVs of the microdevice before electrochemical oxidation at scan rates 




Appendix E. Supporting Information for Modified Carbon Nanotube with Boron and 
Nitrogen for Lithium Ion Battery Electrodes 
 
Figure E 1. Discharge capacity vs. cycle number for the third sample among the three 
CxBN samples after H2 plasma reduction. The electrochemical characterization of the first 
two samples has been shown in Chapter 8.  
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Figure E 2. A typical example of charge/discharge capacity (blue and green color) of a 
CxBN sample from 1756
th
 cycle to 1774
th





Figure E 3. A typical example of current density vs. time and voltage vs. time for a CxBN 





Figure E 4. Initial cycling of nominally duplicate CxBN electrodes after hydrogen plasma 
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